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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the accom- 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redis- 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chaptei’s the literature has been reviewed 
up to September, 1942. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grat(;ful lo many friends for the examination of the manu- 
scripts. Particular thanks are due to Messrs. R. K. Abbott, R. W. 
Lceper, D. S. Melstrom, G. J. O’Donnell, S. M. Spatz, J. R. Thirtle, and 
L. A. Woods. 

H. G. 


October, 1942 




PREFACE TO THE FIRST EDITION 


Organic chemistry is richly endowed with excellent textbooks. 
However, there is a need for a general treatise of organic chemistry suit- 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the purpose 
of the moment and provide a point of departure for unceasing revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to himself. It 
was hof»ed to obtain, in this way, an authoritative treatise which would 
cover most of the important phtises of organic chemistry. The execu- 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revising and expanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properties and chemical constitution, valence, and resonance 
have been grouped together in the second volume. It is planned to 
revise both volumes at intervals, not only in order to bring the present 
material up to date, but also to permit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on polymeriza- 
tion and chlorophyll will be included in the next edition. Corrections 
and suggestions will be heartily welcomed. 

The contents have be(!n integrated and the accessibility of the 
information increased by cross references, by individual tables of con- 
tents for each chapter, and by a comprehensive subject index which is 
repeated in each of the two volumes. The inordinate wealth of the 
literature has made it necessary to restrict references, in general, to a 
relatively few selected original articles. Researches are cited, as a rule, 
by reference to the most recent publications; however, sufficient refer- 
ences to early work are given to provide an historical background. 
Occasional chapters, particularly those in the field of natural products, 
have abundant citations to original articles, and should be especially 
useful to research workers. In some chapters the literature has been 
reviewed up to September, 1937. There is, in addition, occasional 
mention of work hitherto unpublished. The section General References 
at the end of each chapter includes mention of some of the more impor- 
tant review articles and books as a guide to collateral reading. 
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The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was providc'd by the 
late Dr. W. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky 


December, 1937 
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I. ISOMERIZATION OF ALIPHATIC HYDROCARBONS 

Aliphatic hydrocarbons are available in vast volunuxs from petroleum 
and natural gas. Isomerization of these hydrocarbons, although very 
difficult to control, is a most important reaction. Normal alkanes iso- 
merize, in genei*al, to methyl alkamxs; th(' simplest case is the formation 
of isobutane, a key hydrocarbon in aviation gasoline, from n-butane via 
the alkylation process. 

Isomerization of Alkanes. Normal alkanes isomerize to methyl- 
alkanes when treated with an aluminum halide.^’ ^ n-Butane in the 
presence of aluminum cdiloride and hydrogen chloride, in 4 hours at 
175*^ and 35 atmosi)lj('r(\s jiressure, forms isobutane and lower alkaiuxs.^ 
The equilibrium concentration of isobutane at 180° is 58 per cent.^ 
n-Butane and isobiitaiie are slowly isomerized catalytically at room 

^ Montgomery, McAtocr, and Franke, J. Am. Chem. Soc., 59, 1768 (1937). 

^ Montgomery, McAteer, and Franke, paper presented at Am. Chem. Soc. Meeting, 
Baltimore, April, 1939. 

^ Ipatieff and Grosso, 7??d. En}!;. Chem., 28, 461 (1936). 

^ Moldawsky and Nisovkina, Compl. rend. acad. sci. U.R.S.S.^ 23, 919 (1939) J 
Gen. Chem. (U.S.S.R.), 9, 1653 (1939). 

® Glascbrook, Phillips, and Lovell, J. Am. Chem. Soc., 68 , 1944 (1936). 
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temperature. Both isomers require over 2 months to attain tlie equilib- 
rium state in the presence of aluminum bromide at about 27° and 3 
atmospheres pressure.^ The equilibrium composition corresponds to 
over 78 per cent of isobutane; lower alkanes are formed in small amounts 
only. 

Isopentane can be produced by isomerization of n-pentane in the 
presence of aluminum halides. It is a valuable volatile component of 
aviation fuels. The action of aluminum bromide upon n-pentane at 
room temperature yields 5 per cent of butanes (mostly isobutane), 55.9 
per cent of isopemtane, and .3.9 per cent of higher jn-oducts.® The equilib- 
rium concentration of isopentane at 0° is 90 per cent.^ At 80°, this 
value is decreased to 82 per cent.® Hydrogen was used to suppress side 
reactions catalyzed by the aluminum chloride in the last case. A simi- 
lar treatment of n-hcxaiU! at 80° resulted in the formation of 48 per cent 
of methylpentanc, 12 per cent of dimc'thylbutane, and 7 per cent of 
side products. n-Hexane yielded 44 per cent of isohexanes at 120° for 
2 hours with alumiiuim (4ilorid(\’ n-Ilexane forms 2- and 3-methyl- 
pentanes.®'® n-Ileptane i)rodu(‘es branched isomers, as shown in Talde 
1 10,11 q'hese data indicate that d<>compositions and nicombinations 
accompany isomerizations in the jiresimce of aluminum halides. 


TAB1.E I 

ISOMEUIZATION OF ri-llEPTANE BY AICI 3 AT 96° 



Parts of Hydro- 

Parts of Hydro- 


carbons Tsolaled 

carbons Isolated 

Hydrocarbons 

per 100 Parts of 

Hydrocarbons })er 

100 Parts of 

LsolaicMl 

7 /-Heptane Pcacted 

Isolated 7 ^ -Heptane Keacted 

Pentanes and lower alkanes 64 6 

3-AIethylhexane 

1.6 

7i-llcxane 

0.4 

2,4-1 )iinot hylpentanc 

1.5 

2- M ethyl pen ta ne 

3 1 

3, 3-D i in et h y I pen ta n e 

0 4 

3-i\l ethylpentane 

2.0 

2,2,3-Triniethylbutane 

0.5 

n-IIeptane 


Polymers 

24.4 

2-IVIethylhcxane 

1.2 




The isomerization of only a few methylalkanes has been studied. 
2-Methylpentanc was isomerized to 3-methylpentanc and 2,3-dimethyl- 

® Schmit, Iloog, and Vorhciis, 7?<c. trav. ch'ntu, 59, 79H (1940). 

^ Bauer, “Uber die katalytisclie Isoineri^ierung ciniger Benziii-Kohlenwasserstoffc,” 
Zurich, Deutsche Dmckerei, Prague (1940) 

® McAteer, paper xncsented at GibMUi Island JMceting of Am. Assoc. Adv. Science 
June 17-21, 1940. 

® Nenitzescu and Dragan, Bvr., 66, 1892 (1933). 

Calingaert and Beatty, Am. Chem. Soc., 68, 51 (1930). 

Calingaert and Flood, ibid., 67, 950 (1935). 
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butane or to a mixture of 2- and 3-methylpentanes by treatments with 
aluminum bromide and 96 per cent sulfuric acid, respectively.® 3-Methyl- 
pentane gave considerable amounts of 2-methylpentanc when sub- 
jected to either catalyst. The reported isomerizations of dimethyl- 
alkanes include interconversions of the 2,2- and 2,3-dim(dhylbutanes, 
with partial conversions to 2-methylpentane, upon contacting aluminum 
bromide at room temperature. 

Isomerization of Alkenes. Normal alkcnes isomcrize by shifts of 
the double bond or the migration of a methyl group. 1-But(me yields 
2-butene when treated thermally at 600-700°, or when treated catalyti- 
cally at much lower temperatures with nickel and hydrogen, aluminum 
phosphate, aluminum sulfate, aqueous solutions of zinc chloride, bep- 
zenesulfonic acid, percihloric acid, or concentrated phosphonc 
acid.^®’ “ 2-Butene isomerizes to 1-butene at 650-700° without 
catalysts or at 100° over phosphoric acid.*®- Th(^ 1- and 2-pcntenes iso- 
merize thermally.^®’ 1-Hexene yields 2- and 3-hexenes and jjolymers 
upon treatment at 400° with molybdenum trisulfide and hydrogen under 
pressure.^® 

Several methods of isomerizing ?;.-alkenes into isoalkenes have been 
used. n-Butencs isomerized to isobutene at 300-600° over activated 
silica-alumina, alumina, aluminum sulfate, or phosphoric acid.’®’ At 
temperatures around 325°, 1-hexene yielded 2-methyl-2-pentene and iso- 
hexenes when catalyzed by zinc chloride and ifiiosphoric acid, respec- 
tively.®’’ ®® The 1- and 2-o(!tenes gave isooctc-nc's at 295-4(X)° in experi- 
ments utilizing glass or quartz l ubes, activated silica-alumina, i)hosphoric 
acid, or zinc chloride.®’’ ®®’ ®^’ ®® 

Formation of isomers from methylalkenes, dinK'thylalkeiies, and 
ethylalkencs has been studied to a greater extent than that of isonu'rs 
from the corresponding alkanes. Among the methylalkenc examples, 

^^Hurd and Goldsby, ihid., 66, 1812 (1934). 

Twigg, Trans. Faraday Soc., 36 , 934 (1939). 

Ipatieff, Pines, and Schaad, J. Am. Chnn. Soc., 66, 269G (1934). 

Gillet, Bull. fioc. chhn. Brlf^., 29 , 192 (1920). 

^®Hurd, Ind. Eng. Chem., 26 , 50 (1934). 

Hurd, Goodyear, and Goldsby, J. Am. Chem. Soc., 68, 235 (1930). 

Petrov, Mesclierjakov, and Andrejev, Ber.^ 68, 1 (1935) ; J. Gen. Che7n. (TI.S.S.R.)^ 
6, 972 (1935). 

Frost, Rudkovsky, and Serebriakova, Compt. rend. acad. sci. U.R.S.S., 4 , 373 (1930). 

Serebriakova and Frost, J. Gvn. Cham. iU.S.S.R.), 7 , 122 (1937) [C. A., 31 , 4509 
(1937)]. 

Petrov and Cheltsova, Compt. rend. acad. sci. U.R.S.S.t 16 , 79 (1937). 

22 Petrov and Shchukin, J. Gen. Chem. {U.S.S.R.), 9, 500 (1939) [C.A., 33, 9293 (1939)1 

2®Egloff, Morrell, Thomas, and Bloch, J. Am. Chem. Soc., 61 , 3571 (1939). 

2^Hugel and Szayna, Ann. coynlmstibles liquiden, 1 , 781 (1920). 

2® Nemtsov, Nizovkina, and Soskiua, J. Gen. Chem. (JJ.S.B.R.), 8, 1314 (1938). 
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isobutene yielded n-butenes at 294° over phosphoric acid on “silicate.” 
3-Methyl-l-butenc isomerized to 2-methyl-2-butene at 425-535° in the 
presence of alumina, aluminum sulfate, or phosphoric acid on pumice, 
while sulfuric acid effected a similar isomerization.’^®’ Aluminosilicates 
are more active in the isomerization of alkenes than aluminum oxide.^® 
Isomerizations of the dimethylalkenes and cthylalkencs include an 
interconversion between 3,3-dimethyl-l-butene and a mixture of 2,3- 
dimethyl-1- and -2-butenes at 300° over phosphorus pentoxide on 
silica gel; the conversion of 3,3-dimethyl-l-butene to this mixture at 
275° over aluminum sulfate; and the tran.sformation of 3,7-dimethyl-l- 
octene into 3,7-dimethyl-2-octene over palladinized asbestos."*- 

Other examples of isomerization among the alkenes include a partial 
conversion of <mn.s-2-butene to the m-form over phosphoric acid, and 
intei’con version of the isomeric 2-jXintenes with the aid of ultra-violet 

light. 31 • 32 . 33 . 34 

Formation of isomers from the alkenes must be accounted for by 
more than one mechanism since the isomerizations involve shifts of 
th(' double bond, methyl groups, or both. An acid-catalyzed double- 
bond shift is con.siden'd to consist of two steps “(1) formation of an 
addition product of tlu^ alkime with the catalyst, and (2) the decomposi- 
tion of th(' addition product from which the same olefin or one with a 
different structure is split off and the catalyst is regenerated.” 

The isomerization of l-butene has been formulated as follows: 

HzC^CIT— CHa— CHa -b IIX GHj— CH— CHz— CHa 


X 

IT 

CHa— CH=CH— CHa -f HX 

where “X” repn-sents a group such as: 

[Il 2 r 04 ]-, [CIO 4 ]-, [Zn(Cl)0]-, or [CeHsSOa]- 

The removal of hydrogen from a more remote carbon atom is a supple- 
mental mechanism, involving a short-lived cyclane, capable of explain- 
ing methyl group shifts or formation of any stable cyclanes: 

Ipatieff, Ber., 36, 2003 (1903) ; J. Russ. Phys. Chcni. Soc., 36, 677 (1903). 

Norris and Reuter, J. Am. Chcm. Soc., 49, 2024 (1927). 

28 Frost. J. Phj/s. Chrm. {U.S.SM.), 14, 1813 (1940). 

2® Laughliii. Nash, and Whitmore, J. Am. Cium. Soc,^ 66, 1395 (1934). 

Oamer and Glasebrook, itud., 61, 230 (1939). 

8^ Sherrill, Baldwin, and Haas, ihid.j 61, 3034 (1929). 

82 Sherrill, Otto, and Pickett, ibid., 61. 3023 (1929). 

83 Carr, ibid., 61, 3041 (1929). 

8^ Kharasch, private coininunication to Sherrill, Otto, and Pickett, J. Am. Chem. Soc. 
61, 3023 (1929). 
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H2C=CIICn2— CHa + IIX 

II 


^CHa 

CH3CIICH2— CHa + HX 


X 


IIsC^ 


CIT2— CTI— CHa? 

I I 

X CII3 


CH 3 CH==CI 1 CH 3 + IIX 


Il2C=C— CHa + HX 

1 

CHa 

The conversion of a short -liv('d cyclane into its isomers may proceed 
also by an alternative t,li('nual isomerization without HX. 

Cis-t7'ans isomerization, sliifts of douide bonds, and shifts of methyl 
groups may also be explained by fnx^ radical mechanisms: 


II3C— C-H 

!l 

IHC-C-H 

H 

1 

H,C=-C— C— CIH 

1 I 

H II 

H2C-C— CH.— CIH 

I 

II 


IT3C— CII 1 

I 

IHC— CH - J 


HsC— C— II 
II— dl— C. 


Ill I • 

IHC- C-C— CIT3 + H 

I I 

II H 


II 3 


TbC— C - C— CH, 

I I 

II II 


rii-.' 


ii.,c=c— CHa + 11 + cn; 


I I 


1 H;.c-c— CII 

J I 

CII3 


Isomerization of Alkadienes. Tlu' allonic alkadienes isomeiiz(> to 
conjugated alkadienes or alkynes. E.\am])les of t)i(' isomerization to 
eonjugat(‘d alkadienes include treatment of 1,2-alkadienes with floiidin 
at about 300° and with (juinoline hydrobromide.^*'’ -Ij-l-Dimethyl- 
1 ,2-pentadiene formed successively 2,-l-dim(‘thyl-l ,3-pentadi(‘n(‘ and 2,1- 
dimethyl-2,3-pcnladi('ne over floridin at 230-235°; thi' formation of 
these products involves an intere.sting methyl group migration.^^ In- 
stances wherein allenic alkadienes were converted into l-alk>’nc‘S are 
treatment with floridin at about 300° and i.som('rizations efl‘ect(‘d bj' 
pota.ssium ethoxide solution at 1ow(t temperatun's.'*''^’ ''® 1,2-Buta- 
diene was convert(‘d into 2 -but 3 ne by hot potassium ethoxidt' solution. 

The non-allenio alkadienes isomerize by (a) the shifting of dou1)le 
bonds and (h) cyclization m the presence of acidic catalysts. The fol- 
lowing examples are known: 1 ,5-Hexadiene gave evidence of the for- 

“Slolxxlin, J. Gen. Chem. (U.S.S.Ii.), 6 , 48 (1935) [C. A., 29 , 4732 (1935)]. 

Slolwdiri, ibid., 4 , 778 (1934) [C. A., 29 , 2145 (19.35)]. 

Kutscherov, J. Rtiss. Vhys. Chem. Soc., 46 . 1034 (1913); J. Chem. Roc., 104 , 1294 
(1913). 

^ Slobodin, J. Gen. Chem. (U.S.R.R.), 7 , 1664 (19.37) [C. A., 31 , 8501 (1937)]. 

■‘® Klobodin, ibid., 6 , 1892 (1930) [C. A., 31 , 4204 (1937)]. 

*'> Faworsky, J. jtrakt. Chem., [2] 44 , 208 (1891). 
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mation of 1,4- and 2,4-hcxadiene when heated at 500° without catalyst 
or when treated at 170-360° with palladinized asbestos-carbon, alumina, 
chromia, floridin, or potassium cthoxide solution.*®’ 

2,4-Hexadieno yielded 1,3- and 1,4-hexadiencs at 360-480° over alu- 
mina.'** 2,5-Dimethyl-l ,5-hexadiene formed 2,5-dimethyl-2,4-hexadiene 
at 180-225° in the presence of potassium cthoxide solution, floridin, or 
alumina.'*®’ ^ 

2,6-Dimethyl-l,3-heptadienc was cyclized to l,5,5-trimcthyl-2- 
cyclohexene when treated with sulfuric acid.*® 2,6-Dimethyl-2,6-octa- 
diene isomerized to l,5,5,()-tetramethyl-l-cyclohexene upon treatment 
with concf'ntrated sulfuric a(;id, or with the same acid containing acetic 
acid.*®’ ®«’ 

In explanation of the mechanism of alkadiene isomerization, Faw- 
or.sky recognizc'd that a hydrogen disproportionation occurs in the con- 
version of 3-methyl- 1,2-butadiene into a pen tone and the sodium deriva- 
tive of 3-methylljutync : ®'- 

3H2C=C=C— CII3 -H 2Na C5H10 -b 2NaC=C— CH— CH3 


According to Jozitsc’h, a buteme resulted similarly during the formation 
of the sodium d('rivati^■e of 1-butyne from 1 ,2-butadicne.‘'* The follow- 
ing equations illustrate', the j)robable courses of two isomerizations 
effected by quinoline hydrobromide as catalyst: ** 


Il2C=C=C— CHa + CslIjN-HBr 

I 

CIIs 


Br 

i 

H2C=CH— C— CII3 
CH3 


-b C9H7N 


H2C=C— CH=CH2 -b C9H7N • HBr 


CHs 

** Jozitscli, J. Russ. Phys. Chem. Soc., 29 , 90 (1897) [Clieni. Zentr., I, 1011 (1897)]. 

Hurd and Bollniaiin, J. Am. (,'hcm. Soc., 65 , 099 (1933). 

“ Levina, J. Gen. Chem. (,U.S.S.n.), 6 , 1092 (1930) [C. A., 31 , 1002 (1937)]. 

** Levina, ibid., 7 , 1587 (1937) [C. A., 31 , 8510 (1937)]. 

Levina and Kiryushov, ibid., 9 , 1834 (1939) [C. A., 34 , 4051 (1940)]. 

« Lebedev and Slobodin, ifdd., 4 . 23 (1934) [f. A., 28 , 5399 (1934)]. 

PK'vost, Compt. rctid., 208 , 1589 (1939). 

** Ticmann and Semniler, Ber., 26 , 2708 (1893). 

Semmler, Bcr., 27 , 2520 (1894). 

Dupont, Dulou, and Desreux, Bull, soc, chim., [5] 6, 83 (1939). 

Semmler, Ber., 34 , 3122 (1901). 

“Faworsky, J. prakt. Glum., [2] 37 , 417 (1888); J. Russ. Phys. Chem. Soc.. 19 , 65S 
(1887) : Ber., 21 , Referate, 177 (1888). 
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H*C=C==C— CHs + CgllvN-HBr 

I 

CHa 


Br 


H2C=C— CH— CHa 

I 

CHa 


+ C9H7N 


HC=C— CII— CHa + CsHaN-IIBr 


Clla 


These resemble the conversion of a 1,5-alkadicno into a 2,4-alkadiene 
(R is 11 or CHa):^® 

H2C=CR— CHo— CHa— CR=Cn2 + 2CnHBOH 
r HaC^CR— CHa— CHa— CR— CHa' 

I 1 

OCalla OCaTIa 

HaC— CR=Cn— CII=CR— CHa -f 2CaIlB6H 


Isomerization of alkadien(\s by cyclization in the presence of acidic 
catalysts may proceed as follows (R is H or CH3) : 


H CHa 


R— C 


HaC— C-^^ 
CHa 



Intermediary esters probably play a role in the postulated steps. 

Isomerization of Alkapolyenes. The alkapolyenes isomerize by 
shifts of double bonds, conversion of two double bonds into a triple 
bond, and by cyclization or mult icy clization. The following isomeriza- 
tions are typical. 4,8-Dimcthyl-l,3,7-nonatriene cyclized into 1,5-di- 
methyl-5-allyl-l-cycl(jhexene in the presence of 80 per cent sulfuric acid.“ 
2,6-Dimethyl-2,5,8-undecalriene formed l,5,5-trimethyl-6-(l-butenyl)-l- 
cyclohexene when heated with sulfuric acid containing acetic acid.®* 

Isomerization of Alkynes. A study of the data on isomerization of 
alkynes shows that a 1-alkyne will form a l,2-alkadi(!ne with the aid 
of potassium ethoxide solution, floridin, or heat alone; a 1,3-alkadiene 
in the presence of alumina or floridin; and a 2-alkyne by contact with 
potassium ethoxide solution, pumice, or soda-lime, or when heated 
alone.®®’ 39 • 85. 66. s? ^ 2-alkyne will foiTO a 1-alkyne in the presence of 
sodium, sodamide, or floridin, but the last catalyst also yields a 1,2- 
alkadicne. Contact with sodamide transforms a 3-alkyne into a 1-alkyne. 

'3 GriKiiard, Ann. chim. phys., [7] 24 , 4Z3 (1901). 

8* Kishner, J. Kuss. Phys. Chem. Hoc., 43, 1398 (1911) [Chem Zentr., I, 1022 (1912)]. 

‘^Faworsky, J. prakt. Chem., [2)37, 382 (1888). 

“Faworsky, .1 . Russ. Phys. Chem. Hoc., 19 , 1, 414 (1887) [Chem. Zentr., 1248 (1887)] 

"Slobodin, J. Gen. Chem. (U.H.H.R.), 7, 2370 (1937) [C. A., 32 , 2081 (1938)]. 
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Heat is always used in isomerization of the alkynes. In the absence 
of catalysts, high temperatures arc required. 1-Hexyne and 1-heptyne 
at 600° without catalysts were partly isomerized to the 1,2-alkadicnes 
and a trace of the corresponding 2-alkynes.®® 1-Alkyncs or their corre- 
sponding sodium derivatives resulted when 2- and 3-heptynes, 2- and 
S-oetjmes, and 2-nonyne were treated with sodamidc at 160° or heated 
with sodium.®^’ s®- ««> 6i> « 2 > 63 

Isomerization of Alkapolyynes. 1,4-Hexadiync isomerized to 2,4- 
hexadiyne when treated with potassium ethoxide solution.®^ The con- 
version of 1 ,5-hexadiyne into 2,4-h(ixadiyne is similar to that of 1,5- 
hexadiene into 2,4-hoxadicne, wherein unsaturated bonds become con- 
jugated through the agency of hot potassium ethoxide solution.^® 
2,2,9,9-Tetramethyl-5,5,6,0-tetra-hTL-butylethyn3d-8,7-decadiyne gave 
2,2,13,13-tetramethyl-5,10-di-n-butyl-7,8-di-<er<.-bvityl-tetradeea-5,6,8,9- 
tetraene-3,ll-diyne when heated with alcohol or with xylene at 
120-140°: 

CHa 

HaC— C— CII3 

I 

C 

111 

CH., C CHs 


HaC— C— C=C— C— -C=C— C— CHa 


Clla 

CITa 


CHa 

CTIa 


HaC— C— C^C— C— C=C— C— CHa 


CHa C CHa 


C 

I 

HaC— C— CHa 

1 

CHa 

“ Hurd and Christ, J. Am. Chem. Soc., 69, 2161 (1937). 

“ Gue.st. ibid., 60, 1744 (1928). 

Bourgiiol, Ann. chim., [lO] 3, 325 (1925). 

6* Bdial, Hull. soc. chim., [2] 60, 629 (1888). 

•3 Dosgrez, Ann. chim. phys., [7] 3, 209 (1894). 

Krafft and Reuter, Her., 26, 2243 (1892). 

6* Lespieatj, Ann. chim., 1912, 280 (1914). 

*6 Sparks, Peppel, and Marvel, J, Am. Cham. Soc., 69, 1351 (1937). 
6* Salzberg and Marvel, ibid., 60 , 1737 (1928). 
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CHs 

1 

HjC— C— CHj 

I 

C 

111 

CIIj c 

I I 

H3C— C— C=C=C— CHj— CHj— CH2— CHc 

I 

CHs 

CHa 

1 

HsC— C— C=C=C— CII2— CII2— Cl 12— CHs 

I 1 

CH3 c 

111 

c 

1 

H3C— C— CH3 

1 

Clla 

The union of two rearranged free radicals is apparently responsible for 
isomer formation from the alkynyl hexasubstituted (jthanes. 


n. POLYMERIZATION OF UNSATURATED ALIPHATIC HYDROCARBONS 

Polymerization of unsaturated aliphatic hydrocarbons has been the 
subjt'ct of much research during the past few years (see Chapter 8). 
Present-day investigations of polymerization are directed toward the 
mass production of polymers having predetermined molecular struc- 
tures. The lowcr-molccular-wcight polymers are utilized as high-octane- 
rating gasoline or as chemical intermediates. High polymers exhibit 
the properties of plasticity, elasticity, and lubricity, and in many w'ays 
resemble rubber and drying oils, all of which properties are of great 
value to science and industry. 

“Polymerization has been defined as intermolecular combinations 
that are functionally capable of proceeding indefinitely (or leading to 
molecules of infinite size).” Polymerization may be divided into 
two types, the combination of identical molecules and the union of 
unlike molecules. The first type has been referred to as true, straight, 
and chain polymerization; the second as inter-, co-, cross, and mixed 

Carothers, Chem. Rev., 8, 364 (1931). 

Carothers, Trans. Faraday Soc., 32, 39 (1930). 
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polymerization. The term conjunct polymerization is applied to the 
reaction in which the formation of the product is effected by another 
type of reaction occurring either simultaneously with, preceding, or 
following the polymerization. Other terms used for this phenomenon 
are cyclo-, hydro-, and dehydropolymerization, which refer to polymeri- 
zation accompanied by cyclization, hydrogenation, and dehydrogena- 
tion, respectively. 

Generalizations on polymerization of hydrocarbons are given as 
follows: 

1. Hydrogen atoms on the unsaturated carbon-carbon linkage are 
necessary for pol 5 Tnerization. Some exceptions have been noted. For 
example, the product of dimerization of propadiene was 1,2-dimethyli- 
denecyclobutane, which indicates that the reaction began on the un- 
hydrogonatod atoms. The mechanism proposed is as follows: “It is 
considered that polymerization of two olefins proceeds primarily by 
the addition of a hydrogem atom and an unsaturated alkyl radical to 
a double bond. TIk' double bond in the acceptor molecule is saturated 
by a hydrogen atom and an olefin radical supplied by the donor mole- 
cule. The active hydrogen atom in the donor molecule is taken as 
the one attached to a terminal carbon having a double bond or to 
that doubl('-bond(^d carbon atom to which the smaller alkyl group is 
attached.” 

2. Polynu'rization tendencies decrease (with a few exceptions) as 
the molecular weight increases. When the double bond is in the termi- 
nal position of the molecule, its tendency toward polymerization is 
greatest, but when the, doubk* bond is shifted toward the center, the 
molecule acts more like an alkane. 

Chain mechanisms propagated by free radicals or by activated mole- 
cules have been suggested as probable explanations for polymerization. 
Free radical propagation is illustrated by the following equation: 

R— CIIz— CH2— + CIl2=CH2 R— CHi— CII2— CHr— CII2— 

A polymerization supposedly of this type was initiated by the use of 
mercury vapor and light.” The polymerization stopped when illumina- 
tion was removed. Chains of the free-radical type are broken by any 
means capable of terminating the free radical, particularly in this case 

•» Waohtor, Ind. Eng. Chew., 30 , 822 (1938). 

Burk. iUd., 30 . 1054 (1938). 

” Lebedev, J. Russ. Phys. Chew. Soe., 45 , 1357 (1913) [C. A., 9 , 799 (1915)]. 

Ipatieff and Corson, Ind. Eng. Chem.t 27 , 1069 (1935). 

Melville, Tranti. Inst. Rubber Ind.^ 15 , 209 (1939); Rubber Chem, Tech., 13 , 567 
(1940). 
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by the interaction of two growing polymers. Parallel to this reaction, 
a “normal direct polymerization” propagated by activated molecules 
was carried out by illumination of the reactants. The activity con- 
tinued after illumination ceased. Termination of this polymerization 
may be brought about by hydrogenation or addition of any substance 
capable of reaction with the double bond and by the reaction 


--CH=CH2 + CH 2 =CII ^ — CII2— C 1 I=CH— CH2— 


in which the double bond is removed from the terminal position. Chain 
propagation by activated molecules may be represented by the equa- 
tion 

CH2=CRiR2 H2C=CRiR2 ' 

(Activated etiitc) * 

+ CH 2 =CRiR 2 
(— CH2CR1R2— )„ 

Polymer 


Pol 3 rmerization of Alkenes. Alkenes undergo polymerization at 
moderately high temperatures, but decomposition and isomerization are 
competing reactions.^'’ Th('rmal polymerization of (dhene at .330° and 
64 atmospheres resulted in the formation of ])olym('ri(t alkanes, alkenes, 
and cyclic products.’® In the polymerization of ethene, additiem of 0.02 
per cent oxygen was found to douVde the yield over that obt aim'd in 
the absence of oxygen.” Elevated temperatiires were umh'sirable in 
the polymerization of ethene since decomposition began around 525° 
and at 570° the pyrolysis products, hydrogen, methane, and ethane, 
were found.’* 

In the presence of catalysts, alkenes polymerize without undesirable 
side reactions. Proper choice of catalyst and reaction conditions makes 
possible the formation of polymers with specific propert ies. For example, 
high-octane gasoline has been obtained from the simultaneous polynuT- 
ization and hydrogenation of isobutene in the presence of phosphoric 
acid-nickel oxide-iron catalyst.’® Alkcne polymerizations have been 
carried out with catalysts such as alumina on silica,*® boron trifiuo- 

Chalmers, Can. J. Research, 7, 113 (1932). 

Egloff, “Reactions of Pure Hydrocarbons,” Reinhold Publishing Corp., New York 
(1937), p. 243. 

Ipatieff and Pines, Ind, Eng. Chew., 27, 1364 (1936). 

Storch, J. Aw. Chem. Soc., 66, 374 (1934), 

78 Pease, ibid., 62. 1158 (1930). 

78 Ipatieff and Komarewsky, Ind. Eng. Chem., 29 , 958 (1037) 

*8Gay3r> ibid., 26, 1122 (1933). 
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ride,®!’ ®2 chlorides of aluminiun,®®’ magnesium,®® and zinc,®® phosphorus 
pentoxide,®* and phosphoric *!’ ®® and sulfuric acids.®*’ *® Polymeriza- 
tion of propene over alumina, alumina on silica, or floridin resulted in 
the formation of liquid alkenes of five to nine carbon atoms and some 
alkanes.®* 

Alkene pol 3 nncrization using aluminum chloride may involve cycli- 
zation and hydrogen disproportionation. In the polymerization of 
cthene with aluminum chloride, hydrogenation, dehydrogenation, and 
cycUzation occur to such an extent that the products consist of alkanes 
and cyclenes.®! The prc.sence of traces of water vapor or hydrogen 
chloride was necessary for polymerization of ethene with pure aluminum 
chloride as catalyst. The products from ethene with anhydrous alumi- 
num chloride at 180° were liquid hydrocarbons and an aluminum chlo- 
ride complex which indicates that the mechanism of polymerization is 
similar to that of the Fricdel-Crafts reaction.®^ 

Polymerization of propene and butenes in the presence of 100 per 
cent orthophosphoric acid has b(X'n shown to take place through inter- 
mediate ester formation with subseqticnt regeneration of the acid.*® 
The reaction may take place as indicated: 


CH2=CH— CII3 + IT3PO4 


CH 3 

1 

H— C— 0 

I 

CHs 


^OH 
P— OH 


CII3 


,011 


H— c ; o— p— on 
' ^O 


CH, i. 


CII3 


/ 


OH 


4- 11— C — . O— P— OH 

’ ^ % 


CII, 


CH3 

I 

2 H 3 PO 1 + lie— CH2— CH=CH2 

I 

CII3 


Iluthruff, “Action of Boron Hiilidos on Hydrocarbons,” paper presented at Am. 
Cliorn. Sue. Meeting, Boston, Septendwr, 

Brcn?istoJT-Cfu’m,, 8, 321 (1927). 

Ipatieff and Hutala, B(r., 46 , 174S (1913). 

Stanley, J. Soc. Chan, lnd.j 49 , 349T (1930). 

Burk, “('atalysis and rolyineri 25 ation,” paper presented at Am. Chem, Soc. Meet- 
ing, Baltimore, 1939. 

Malishev, Ocl-Kohle Erdocl Tecr^ 14 , No. 23, 479 (1938). 

Ipatieff an I Selmad, Ind. Eng. Chcvi.^ 30 , 596 (1938), 

Ipatieff and Corson, ihid.^ 27 , 10(>9 (1935). 

Ormandy and CTaven, ./. Jnat. J^ctrolcufn Tech., 13 , 844 (1927), 

Ormandy and C’raven, J. Soc. Chem. Ind., 47 , 317T (1928). 

Ipatieff and Grosso, J. Arn. Chem. Soc., 58 , 915 (1936). 

« Ipatieff, Ind. Eng. Chem., 27 , 1067 (1935). 
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From the evidence obtainable, it seems that as 3 Tnmetrical substitu- 
tions favor dimerization and other polymerization reactions, although 
the supporting data are derived essentially from the aromatic rather 
than the aliphatic series.®* The flimerizing agent is usually an acid such 
as phosphoric or sulfuric and the reaction may momentarily involve the 
addition of a proton.®^ When the proton is added, changes take place 
which are characteristic of an atom deficient in electrons; polymerization 
is one of these. 

Alkene polymerizations carri(;d out in the presence of sulfuric acid 
may form alkanes, alkenes, and cycilic hydrocarbons.*®’ ®® In addition 
to dimeric polymers, higher polymers were produced from isobutene in 
contact with more concentrated acid.®*’ ®®’ ®^ As w’ith phosphoric acid, 
sulfuric acid-catalyzed polymerization of alkenes involves the formatii^n 
and decompo.sition of intermediate esters.®* 

Polymers of etluaie have been produc('d by the ozonizer, semi-corona, 
and the electrodeless discharge.®® Reactions carried out in the ozonizer 
gave dimers and trimers of propenc, 2-butenc, and isobutene. Dehydro- 
genation was the primary reaction with the subsequent formation of 
heavy liquid polymers. 

Polymerization of Alkadienes. Lebedev in discussing polymeriza- 
tion of allenes gave the following principles concerned with that re- 
action: 

1. Allenes “polymerize much more readily than the divinyls.” 

2. “In the polymerization of allenes the union of molecuk'S takes 
place at the central carbon atoms, these being tin; least saturated. This 
gives rise to both cyclic and spiral arrangements.” 

The more highly unsaturated carbon atoms are the first to react in 
the formation of cyclic products from allenic molecuk^s; thus propadimie 
dimerizes to 1,2-dimethylidenecyclobutanc; 


CHa 



H2C=C=CH2 -f Il2C=C=CH2 HaC C^CHj 

Tlrt»«rmn o T-» n t» Vn ‘u-rt rl it 1 1 QK 1 f 1 OQOt ^ 

Whitmore, Ind. Eng. Chern., 26, 94 (3934). 
licbedev and Kobliansky, Ber., 63B, 103 (1930). 

McCubbiii, J. Am. Chem. Soc., 63, 350 (1931). 

Ipatieff and Pines, J. Org. Chem., 1, 404 (1930). 

Ipatieff, “Catalytic llcactions at High Pretssures and Temperatures,’ ’ Macmillan 
(’o., New York (1936), p. 549. 

Thomas, Egloff, and Morrell, Chem. Rev., 28, 1 (1941). 

Lebedev and Mcreshkovskii, J. Russ. Phys. Chem. Sue., 45, 1249 (1913) [C A., 8 
320 (1914)]. 
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Thermal polymerization at 270° of the non-conjugated 1,4-pentadiene 
results in the formation of l-mcthyl-2-propcnylcyclohexenc.^®‘ This 
product is probably formed as a nisult of isomerization preceding dimeri- 
zation, but the possibihty of initial formation of the dimeric free radical, 
CH 2 =CH— CH 2 — CH— CH 2 — CH 2 — CH— CH 2 — CH=CH 2 , may not 

. . 1 I 

be entirely eliminated. 

Alkadienes having substituents on the non-terminal carbons of the 
group C=C — C=C polymerize more readily than those in which the 
terminal caibons of the conjugated group are substituted. The rate of 
polyiiKsization is also increased where ring formation occurs in the 
chain containing the conjugated system. At 750°, 2-methyl-l,3-penta- 
diene formed a series of aromatics.^®* The conjugated alkadiene, 2,4- 
hexadiene, polymerized readily at temperatures between 100° and 
150°.*«® 

Catalytic polymerization of alkadienes is brought about by various 
substances, especially the; alkali and alkaline-earth metals. The organo- 
nu'tallic dc'rivatives of the alkali metals catalyze condensation of alka- 
dienes to unsaturated polymers, saturated polymers, and both alicyclic 
and aromatic compounds. Catalytic polymerization products of a 
cyclic nature have b(‘Cn obtained as the dimeric forms. In this case, the 
conjugated dienes exhibit a combination of 1,2- and 1,4-addition which 
produ ces alkenyl ey clohcxenes . 

Alkali and alkaline-earth metals have been used to catalyze alka- 
diene polymerizations. A\'ith metallic sodium, butadienes gave high 
alijihatic polymcTs.^®^ A series of arrested dimerizations catalyzed by 
I)otassium in alcohol, however, produced cyclic dimers and indicated 
that the ring closures occurred in the following stages: 


H 


11?“’ 

(H)C=C— 

I 
I 

j H2C = C-C=CIl2 


CH3 


IIC=C- 


I 


CHs 


II 

;C=CH2 


( 11 )^^'' 
HaC-C— C=CIl 2 

I I 

H CH3 


CH3 H 


HC=C- 


H2C-C- 

H 


-C-CHz 

I 

H 


■C=CH2 

CHj 


101 Parnier, Trans. Faraday Soc.^ 36, 1034 (1939). 

Alinuul and Farmer, J. Chrm. Soc., 117G (1940). 

StaudiiiKor, Kndle, and Herold, 46, 24GG (1913). 

104 T/vov, J. Ocn. Chrm. {C-S.S.li.), 7, 92cS (1937) [(\ .4., 31, 5318 (1937)]. 
^05 Sparks, Rosoii, and Frolieh, 'Trans. Faraday iSnc., 35, 1040 (1939). 
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H H CHs jj CHa H CH* 

m)C=C-C=CH2 C=C-C=CH2 C=C-C=CH2 

r-i ♦ I ' 1 

I I ^ ^ I ? ? I 

j H2C=C-C=CIl2 n\ I HaC-C-C-CHa 

■ CHa H2C-C-C=CH2 H CHa 

H CHa 

II 

H CHa H CHa H CHa 

H2C=C-C=CH2 H2C=C-C-CH2 H2C=C-C-CH2 

K ^ ^ I ' * 

\lp\ — » > 11 

H2C=C-C=CH j n2C=C-C=CH2 h-c-c-c=ch 

I I I ! II III 

H CHa H CHa H H CHa 

III 

Probable mechanisms of polymerization in the presence of alkali meials 
are (a) the formation of addition compounds with the alkali meial and 
(6) free-radical chains.’®^ 

H H H 2 H H H 2 

II I I I I 

(а) H 2 C=C— C=CH 2 -1- 2Na Na— C— C=C— C— Na 

H 2 H H Ha Ha H H Ha 

I I I I I I I I 

Na— C— C=C— C— Na -h 2C=C^— C=C 

Ha II II Ha Ha H H Ha Ha H IT II2 

I I I I I I I I I I I I 

Na— C— C=C— C— C— C=C— C— C— C=C— C — Na 

H H Ha Ha H H Ha 

III I I I I 

(б) H 2 C=C— C=C -I- Na Na- C— C=C— C— 

Ha H H Ha H H 

I I I I II 

Na— C— C=C— C— -1- H 2 C=C— C=CH 2 

Ha H H Ha Ha H H Ha 

Na— C— C=C— C— C— C=C— C— 

Condensations of 1,3-butadiene and 2-methyl-l, 3-butadiene have 
been carried out in the presence of phenylisopropylpotassium.*®®’ ‘®® 

Abkin and Medvedev, ibid., 32 , 286 (1936). 

Bergrnann, ibid., 32 , 295 (1936). 

Ziegler and Kleiner, Ann., 473 , 57 (1929). 

10® Ziegler, Dersch, and Wollthan, Ann., 511, 13 (1934). 
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The stepwise reaction probably involves 1,2- or 1,4-addition of the 
potassium and the phcnyUsopropyl group: 


CHa H 
1 I CHj 

H 2 C — C C=0IT2 / 

+ C6H6-~C>~K 

\ 

CHa 


CeHfi 

I 

HaC— C— CHj 


CeHt 
1 

HaC— C— CH, 



CaHa 

I 

HaC— C— CHa 

\ I 

CHa 

I 

CII 

II 

C— CHa 

I 

HjC-K 


Oils H 

I I 


CaHa 

I 

HaC— C— CHa 

I 

CII2 H2C— K 


H2C=c — c=cn2 


CH CH, etc. 

II II 

C— CHa C- CHa 

I 1 

CHa CHa 


Titanium chloride in chloroform and stannic chloride catalyzed the 
formation of cyclic polymers from 2-mcthyl-l,3-butadiene.““ The ad- 
dition of oxygen to 2, 3-dimethyl-l, 3-butadiene catalyzed polymerization 
resulting, possibly, from the formation of peroxides.^^^ Acetic acid with 
sulfuric acid promoted the polymerization of 2-mothyl-l,3-butadicne 
into terpeiK's.^” Butadiene polymerized in the presence of mercury 
vapor as a result of photosensitization."'* The yield as shown by the 
number of molecukis polymerized per quantum of light was independent 
of temperature and pressure. Chains are apparently initiated by the 
sensitiz(id mercury atoms with the reaction proceeding as follows: 


Hg* -f CH 2 =CH— CH=CH 2 (1) Hg— CHj— CH==CH— CHr- 

or 

-> (2) Hg— CHr- CH— CH=CH2 


Formation of (1) predominates over (2). The reaction occurs partially 
at the surface with both deactivation and activation of polymers taking 
place at the surface. 

110 Wagner- Jauregg, Ann,, 496 , 52 (1932), 

Staiidinger and Lantenschliigcr, Ann,, 488, 1 (1931). 

112 Goo, Trans. Faraday Soc„ 34 , 712 (1938). 
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Polymerization of Alkynes. Thermal polymerization of ethyne to 
benzene and other aromatic hydrocarbons has been known for many 
years.^^® Between 300° and 500° thermal polymerization of ethyne 
occurs without excessive decomposition of the hydrocarbou.^^^ At the 
begi n ning of the polymeiization, there is apparently a bimolecular, 
homogeneous reaction. Evidence indicates, however, that in later 
stages polymerization is a unimolecular process. Both alii)hatic and 
aromatic compounds may be obtained from catalyzed alkyne polymeri- 
zations.“^ It is postulated that the polymers of ethjuie contain cyclic 
structures (n = number of molecules of but-l-en-3-yne) : 


C=CH 



Aliphatic compounds wore obtained from ethyne in the pre.scncc of 
cuprous chloride, ammonium chloride, metallic! co])])er, and moisture.’'® 
The reaction pi-obably involves the formation of com])lex cuj)i-ous salts 
of ethyne: 

HC^CII + =C=CH2 IIC=C— CII=CIl2 

(Cuprous 

complex) 

H2C=CH— C^CH + =C=CIl2 lEC^CH— C=C— CIT=CH2 

H2C=Cn— C^CH + =C=CH— C1I=C1I2 

ii2C=(ni— c=c— cii=cn— CH=cii2 

Cyclic polymers are formed from ethyne when it is heat-ed in the prc's- 
ence of acids, acid anhydrides, or phenols.”® By u.sing an electric 
discharge, polymerization of alkynes to alkadiynes and alkadicuiyiu's 
was effected.’®® Photopolymerization gave both aliphatic and aromatic 
polymers.’®’’ ’®®’ ’®® 

Berthelot, JivU. soc. chim., [2] 11, 4 (1809). 

Schlapfer and Brunner, Helv. Chim. Ada, 13, 1125 (1930). 

Pease, J. Am. Chem. Soc., 61, 3470 (1929). 

Taylor and Van Hook, J. Phya. Chem., 39, 811 (1935). 

Kato and Aikawa, J. Elekirochem. Assoc. Japan, 3, 201 (1935) [C. A., 30, 2555 
(1930)]; Iki and Ogura, J. Eoc. Chem. Ind. Japan, 30, 401 (1927) [C. A., 21, 3046 (1927)]. 
Dykstra, J. Am. Chem. Soc., 66, 1625 (1934). 

Nieuwland, Calcott, Downing, and Carter, ibid., 63, 4197 (1931). 
de Saint-Aunay, Chimic & indasirie, 29, 1011 (1933). 

Lind and Idvingston, J. Am. Chem. Soc., 64, 94 (1932). 

Keinula and Mrazek, Z. physik. Chem., 23B, 358 (1933). 

Livingston and Schiflett, J. Phys. Chem., 38, 377 (1934). 
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Ethync polymerizes when subjected to the a-rays from radon.“* A 
mercury photosensitized reaction at temperatures up to 500° gave 
ethyne pol5Tners containing 200 carbon atoms.*^® The rate of reaction 
was independent of the ethyne pressure but was proportional to the 
rate of chain initiation, which dc'pends upon light intensity. The chain 
reaction involving a complt^x activated mercury-ethyne combination 
may be stopped by a “collision between an ethyne molecule and the 
polymer, of a different character to the propagating collision.” 

Ethync also combines with alkencs to form \insaturated hydrocar- 
bons of higher molecular w'cight.’-® Although thermal polymerization 
of an alkyne and alkcnc at higher temperatures yields alkadienes, ther- 
mal polymerization at lower temperatures and catalytic polymerization 
yicild alkyncs of higher molecular weight.*’’’ The alkadiene probably 
results from isomerization at the higher temperatures. 

III. ALKYLATION OF ALKANES 

One of the most important processes in hydrocarbon chemistry is 
the alkylat ion of an alkane with an alk('ne. The reaction of isobutane 
with alkenes, discovered by Ipatieff, was the beginning of many studies 
resulting in the commercial use of this fundamental reaction. The alky- 
lation of aliphatic hydrocarbons is an important reaction in the com- 
mercial production of aviation gasoline. Alkylation is the basis for 
producing neohexane (2,2-dimethylbutane) from isobutane and ethene, 
or 2,2,4-trimethylp(mtane from isobutane and isobutene, now commer- 
cial processes for preparing aviation gasoline. 

Alkylation of aliphatic hydrocarbons may be defined broadly as the 
replacement of hydrogen atoms of an alkane by alkyl groups. Polymeri- 
zation of alkenes can be considered as alkylation. These reactions are 
discussed separately under “Polymerization.” 

Isoalkanes are readily alkylated at or above room temperature when 
boron trifluoride, nickel, and hydrogen fluoride are used together as the 
catalyst.’-® From the reactions of isobutane, 2-methylbutane, and 
2,2,4-trimethylpentane with ethene, and isobutane with isobutene, a 
series of isoalkanes containing even and odd numbers of carbon atoms 
per molecule is always obtained. The cracking reaction accompanies 
the alkylations. 

^24 Mund, Velglio, Devos, and Vanpee, BuU. soc, chim, Belg,, 48 , 269 (1939) [C. A., 
33 , 9145 (1939)] 

Melville, Trans. Faraday Soc., 32 , 258 (1938). 

126 Borthelot, Bull. soc. Mm., [2] G, 268 (1866). 

127 Pnmier, Anrt. chim. phys., [5] 17 , 16 (1879). 

128 l)nbc>fif* and lAittringer, “Rnblx^r,” C. Griflln and Co., Ltd., London (1918), p, 253. 

12® Ipatieff and Grosse, J. Am. Chem. Soc., 67 , 1616 (1935). 
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The abnormal behavior of 2,2,4-trimethylpentane under ethylation 
can be ascribed to a dealkylation into isobutane and isobutene. The 
boron trifluoride apparently acts by formation of complexes with the 
alkane. The action of aluminum chloride on n-butane, n-hexane, 
n-heptane, and 2,2,4-trimethylpentane has been assumed to be a split- 
ting of the original hydrocarbon into a smaller alkane and an alkene 
which immediately alkylates other alkane molecules present.® 

Further investigations of alkylation have shown that the reaction 
is a general one for higher alkane.s.^®® The alkylations of isobutane and 
w-hexane with ethene were catalyzed by aluminum chloride at about 
15 atmospheres pressure.^®®’ The products were alkanes up to 4ode- 
canes from isobutane and higher-moleeular-weight products froip iv- 
hexane. \ 

Alkylation using aluminum chloride at low temperatures and atmos- 
pheric pressure produced a monoalkylation.^®® Very low temperatures 
( — 100°) were undesirable, since inactivity of the alkanes caused poly- 
merization of alkenes to predominate over the alkylation reaction. 
Alkylation of isobutane with a mixture of 1- and 2-butencs at —35° 
yielded isooctanes and isododecanes in a 5 : 1 proportion. The isooc- 
tanes are made up largely of 2,2,3- and 2,2,4-trimethylpentane, which 
indicates that some isomerization of the; n-butenes to isobutene took 
place. These reactions are illustrated as follows: 

IT H II2 CHs H Ih 

I f I I i 

( 1 ) HsC— C— CHs + H2C=C— C— CHs HsC— C — C— C— CHs 

CHs CHs CHs 

( 2 ) H2C=CH— CH2— CHs -> H2C=C— CHs 

I 

CHs 

H CHs H2 H 

I III 

HsC— C— CHs + H2C=C— CHs -» HsC— C — C— C— CHj 

I I II 

CHs CHs CHs CHs 

H H H2 H2 H 

I I I I I 

HsC— C— CHs + H2C=C— CHs -»• HjC— C— C— C— C— CHs 

I I II 

CHs CHs CHs CHs 

IpatiofT, GroHso, Pines, and Komarewsky, ifnd,, 68 , 913 (193G), 

IpatiefT, “(.'atalytic Reactions at High Pressures and Temperatures,” Macmillan 
Co., New York (1930), p. 073. 

^^2 Pines, Grosso, and IpatiefT. J. Am, Chem, Soc.. 64 , 33 (1942). 
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Catalysts less active than aluminum chloride can be used to advan- 
tage at higher temperatures. Isobutane and ethene reacted at 100° in 
the presence of zirconium chloride, yielding 99 per cent of alkanes.^®®- 

Several investigators have described alkylations of isoalkanes by al- 
kenes in the presence of concentrated sulfuric acid at ordinary tempera- 
tures. The use of too highly concentrated acids leads to carbonization, 
oxidation of hydrocarbons, and a decrease in the octane rating and yield 
of the alkylate. An excess of isoalkane over that required for equi- 
molecular addition to the alkenc results in an increased yield of aviation 
gasoline and in a decreased amount of high-boiling hydrocarbons. Evi- 
dently, such excess of isoalkane prevents or reduces polymerization of 
the alkcnes. Highly branched alkanes were formed from isobutane by 
addition of the following alkenes in the presence of sulfuric acid: 1-bu- 
tene, 2-butene, isobutene, and 2-methyl-2-butene. 

Alkylations in the presence of sulfuric acid proceed by the union of 
an alkyl group containing a primary carbon atom with an unsaturated 
group containing a tertiary or quaternary carbon atom: 

H H Ha II 

1 ! 1 i 

H 2 C=CH -I- HsC— C— CHj HsC— C— C— Oils 

II II 

CHs CHs CIE CII 3 

CH 3 H CH 3 II 2 II 

1 1 111 

H 2 C=C 4- II 3 C— C— CII 3 II 3 C--C — C— C — 0113 

II I ! 

C1I3 C1I3 C113 CH3 

CII 3 Ha H CH 3 II 2 Ha H 

I II I I I I 

H 2 C=C -I- II 3 C— C— C— CTI 3 ^ H 3 C— 0 — C— C— CH 3 

II II 

CH 3 CHs CH 3 CH 3 

Alkylations of isoalkanes by alkenes are assumed to involve : (1) the 
formation of an intermc*diat(' complex l)etwecn the isoalkane and sul- 
furic acid; (2) the transfer of a proton from the sulfuric acid to an alkene, 
whereby the last molecuk' forms a positive or carbonium fragment; 
(3) the n'storation of the i.ssuing hydrogen .sulfate part by the transfer 
of a proton from a ttuininal iiK'thyl group of the attached isoalkanc, 

Ipatieff, “(’atalytie Reactions at High Pressures and Temperatures/’ Macmillan 
(’o.. New York p. ()S2. 

Ipatieff, Grossc, and Komarewsky, paper presented at Am. Chem. Soc. Meeting, 
San Francisco, 1935. 

1.36 Dunstan, Fidler, Pirn, and Tait, /wd. Eng, Chern.^ 31 , 1079 (1939). 



22 


ORGANIC CHEMISTRY 


making the latter a carbanion; and (4) the union of carbanion and car- 
bonium ion with liberation of free sulfuric acid.’*® These steps are 
patterned after the mechanism for an acid-catalyzed polymerization, 
and are illustrated as follows: 

«+ 


«+ 

CHs 


CHs 
J, «- 

CH «- 
HO 0 

S 

HO 6 


«+ — *+ 

CH, HO 0 CHs 

-> S CH— CHs 
/ \.-\a+ 

HO O CHs 

Intermediate complex 


CHs HO 


0 CHs 

/ / 

CHs— C + S CH— CHs 


0 


CHs 


CHs HO 
CHs CIIs 

I I 

CHs— C— CHs— CHC— Hs-l- H 2 SO 4 

I 

CHs 


CHs 

I 

CHs— C ® 
CHs 

CIIs 

1 

CHs— ® 
CHs 


O 0 CHs 

W CH— CHs 

HO O ^CITs 

1 

HO O CHs 

S CH— CHse 
HO 0 CHs 


The foregoing representations, however, are attended both by the 
general difficulties of the earbonium-ion theory and l>y disn-ganl of de- 
hydrogenation-hydrogenation and other reactions occuning in the 
presence of sulfuric acid. Numerous secondary react ions accompanj' an 
alkylation catalyzed by sulfuric acid, h’or example, the butcme and 
methylbutane reaction may proceed as indicated; 

11 Hs 


H Hs 


IIsC=C— C— CHa 
or 

I I 

HsC— C— C— CHs + HsC— C=C— CHs 

I I I 

CHs H H 


or 

HsC=C— CIIs 

I 

CHs 

it 

Birch and Dunstan, Trans. Faraday Soc,, 35 , 1013 (1939). 
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CHs Ha Ha H 

till 

HsC— C — C— C— C— CH3 

I 1 

CH3 CH3 

it 

H Ha Ha 

I I I 

II3C— C— C— C— CH3 

I 

CH3 
or 

II2 H Ha 

HaC-C— C— C— CHa + HaC 

I 

CHa 
or 

H II 

HaC— C— C— CHa 

I I 

CHa CHa 

One observation seriously contradicts the carbonium-ion theory of alky- 
lation, nainel 5 % the formation of typical alkylates at —12° by slow 
addition of diisopropyl sulfate to a mixture of isobutane and sulfuric 
acid.'*"’ 

The foreffoing example's of alkylation of alkanes, using boron tri- 
fluoride, aluminum chloride', zirconium tetrachloriele, or sulfuric acid 
as catalysts, jjre'sent the well-elefine'el e'atalytic preiceelures. Other alkyl- 
ation prejeic'sse's are* e'itlu'r of thermal nature or of more complicated 
catalytic character. 

Neohe'xane (2,2-elimethylbutanc) is proeluced commercially by the 
thermal proce*ss anel marketed as a high-volatility aviation fuel.^*^ 

Propane; has be'e'n alkylated by ethene at temperatures about 500° 
and e)ve'r 300 atmosphere's pressure, yielding n- and isopentanes. A 
similar treatment of isobutane anel ethe'iie gave 2,2-dimethylbutane 
anel 2-methylpc'ntane.‘^*' These thermal alkylations proceed with- 

out isomerization: 

Olx-rfoll and Froy, A'atl. Petroleum Ncies, 31 , No. 48, R-502 (1939) ; Oil Goa J ., 38 , 
No. 29. 70 (1939J. 

138 Prey und llopp, Jnd. Eng. Chem., 28, 1439 (193G). 

139 Prey, Oil Oas J., 36 , No. 34, 40 (1937). 

Obc^rfell and Frey, Refiner Natural Gasoline Mfr.^ 18 , 486 (1939) ; Oil Gas J 38 , No. 
28, 50 (1939). 
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1 
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H3C— C C— C— CHs 

I I 1 

H2 H2 H2 H2 

I /■ 

HsC— C— CHs + H2C=CH2 H 

\ I 

HsC— C — C— CHs 

I I 

CHs II2 

CHs H2 

I I 

H HsC— C— C— CHs 

i /■ I 

HsC— C— CHs + H2C==CH2 CHs 

I \ 

CHs H 1X2 1X2 

1 1 I 

HsC— C— C— C^— CHs 

I 

CHs 

The alkali aluminum chlorides are active catalysts for alkylation 
only when (a) the alkane is introduced in excess of the alkeiu* to lessen 
the competitive reaction of polymerization, {b) alkenes of small size are 
utilized to decrease the polymerization tendency, (e) moderate rates of 
hydrocarbon input are maintained to obtain an appreciable alkylation, 
(d) optimum tcimperatures arc used for the particular catalyst selected, 
and (e) fresh catalyst is ust^d. The alkali aluminum chlorides were 
selective toward alkylation of isobutanc for about 5 hours and functioned 
thereafter as polymerization catalysts. 


rV. DEHYDROGENATION OF ALIPHATIC HYDROCARBONS 

Thermal dc'hydrogenation of alkanes to alkenc's, alkadienes, and 
alkynes has been recognized for a long time, but the reaction shows no 
selective production of alkenes and alkadienes in high yields.*'*^ In re- 
cent years, catalysts have been found which are selective and bring 
about almost quantitative dehydrogenation of ('thane, propane, n-bu- 
tane, and isobutane to the corresponding alkcm^s, and of butenes, 
isobutene, and pemtenes to alkadienes. Cracking of the carbon-carbon 
linkages is eliminated for the most part in the catalytic reaction while 
thermal dehydrogenation is accompanied by consid(!rable cracking. 
Commercial importance of the resulting alkenes is found in the manu- 

*** Egloff, “Reactions of Pure Hydrocarbons,” Beinhold Publishing Corp., New York 
(1937), pp. 34. 27P. 
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facture of high-octanc-rating gasoline by conversion of the butenes into 
isooctanes through alkylation and hydrogenation. The isobutene and 
butadiene from butanes are used as basic materials in the production of 
S 3 mthetic rubber and resins. 

Dehydrogenation of Alkanes. A comparison of thermal with cata- 
lytic dehydrogenation, at 600° and 1 atmosphere pressure of n-butane, 
shows only 14 per cent conversion to butenes in the thermal reaction 
while over 95 per cent conversion was obtained in the catalytic reac- 
tion.1^2 Dehydrogenation is considered thermodynamically impossible 
except at elevated temperatures, and alkanes, especially the higher ones, 
decompose at these temperatures.^'** The equilibrium constants for the 
first four alkanes from 350° to 500° in reactions catalyzed by chromium 
oxide gel, with no appreciable side reactions, show that dehydrogenation 
increa.ses with temperature and the shorter chains arc more stable than 
the longer chains at higher temp(;ratures as indicated in Table II. 


K 

(C2ll4)(n2) 

C2II6 

(C.-,H6)(Il2) 

Calls 

(CII.')CH2CII=CH2)(H2) 

CI13CII2CII2CI13 

(<rom-CH 3 Cn=CIICIl 3 ) (H 2 ) 
CII 3 CII 2 CH 2 CII 3 

(m-CH 3 ClI=CIICIT3) (H 2 ) 
CH 3 CH 2 CH 2 CH 3 

((Cll 3 ) 2 C=CIl 2 )(Il 2 ) 

(CH3)2CHCH3 


TABLE II 


0 

1 

400^^ 

450° 


0.00015 

0.00076 

0.00038 

0.0022 

0.0074 

0.00045 

0 0022 

0.0075 

0.00083 

0 0039 

0.014 

0.00052 

0.0025 

0.0087 

0.0017 

0.010 

0.042 


500“ 

0.0032 


The first requisite of the catalyst is that it must promote splitting 
off of hydrogen without cleavage of the carbon-carbon bond.^^ Com- 
pounds which catalyze dehydrogenation at lower temperatures are not 
used unless capable of selective activity above 500°, since equilibrium 
shifts toward the alkane below 500°. Accumulation of carbonaceous 
deposits and other materials foreign to the reaction deactivates the 
catalyst; therefore the catalyst must be capable of rapid regeneration 

^^^Grosse, Ipatieff, Egloff, and Morrell, Proc. Am. Petroleum Inst., 20 III, 110 (1939) 
143 Prey Iluppke, Jnd. Eng. Chem., 26 , 64 (1933). 

Grosso and Ipatieff, ibid., 32 , 208 (1940). 



26 


ORGANIC CHEMISTRY 


under commercial conditions.’^’ Excessive temperatures may dis- 
rupt the physical structure of the catalyst, and then regeneration is not 
possible.’^® 

From consideration of chemical composition, the oxides of the tran- 
sition metals of groups IV, V, and VI, such as chromium, molybdemmi, 
vanadium, titanium, and cerium, are the best catalysts.’^ Chromium 
oxide has been used most extensively. When used in reactions of hydro- 
carbons haAung six or more carbon atoms, it also catalyzes cyclization of 
the carbon chain. The oxide is more active when supported on a carrier 
of relatively lower activity such as alumina. Activabid alumina alone 
promotes dehydrogenation but is less effective than chromium oxide on 
alumina.’^® Chromium oxide Ls active in the gel form at 400° but is 
unstable at 500°. The gel form is not useful for dehydrogemation sinefc 
equilibrium is on the alkane side at lower temperatures. Alumina also 
modifies the activity of compounds which are too active for use as de- 
hydrogenation catalysts. Iron oxide in gel form, for exampU', catalyzes 
disruption of the hydrocarbon molecule, but promotes selective d('hydro- 
genation when employed on an alumina carric’r. Aluminum oxide was 
used as carrier for nickel oxide, vanadyl sulfate, zinc oxide, and reduced 
nickel; it rendered them effective in ^'actions carri(!d out at 5(K)° to 600°. 
The high adsorptive activity as well as the porous solid structure of 
alumina seems to be the reason for its suitability. Relation of high ad- 
sorptive capacity to catalytic activity is evidenced by the necessity of 
small amounts of water or hydrogen .sulfide in the reaction. 

The temperature range suitable for catalytic dehydrogemation of 
alkanes is between 500° and 750°. When chromium oxide on alumina 
is used, however, temperatures between 500° and 600° are adequate. 
The reaction is successfully carried out at atmo.spheric prc.s.sure. The 
readiness with which dehydrogenation takes place increases as the size 
of the hydrocarbon molecule increases up to a maximum at which 
cracking or carbon-carbon scission takes place.’® As the time of reac- 
tion is lengthened, d(;hydrogenation increases to a maximum, afb^r 
which secondary reactions begin to complicate the reaction. In experi- 
ments with copper on pumice, the following reactions, (2) and (3), 
predominated over (1), but the relative extent of reaction (1) was in- 
creased by shortening the contact time.’® 


(1) 

C4H10 - 

-> C 4 H» + H2 

( 2 ) 

C4H10 - 

^ C3H6 -b CH4 

( 3 ) 

C4II10 - 

C2H4 + C2H6 


Burgin, Groll, and Roberts, Oil Gas J., 37 , No. 17, 48 (1940). 
Matignon, Kling, and Florcntin, CompL rend,, 194 , 1040 (1932). 



THE REACTIONS OF ALIPHATIC HYDROCARBONS 


27 


The presence of small amounts of water vapor, about 0.1 mole per cent 
introduced with the hydrocarbon, seems to be necessary.^^^ Without 
this moisture, the catalyst is inefficient, but with excess moisture, the 
activity is also decreased. The action of the water is probably the for- 
mation of a monomolecular layer over the catalyst and regulation of 
the state of hydration of the alumina. The postulation has been made 
that the monomolecular layer is the seat of dehydrogenation and that 
the reaction may occur between the carbon-hydrogen bonds of the al- 
kane and the activated hydrogen-oxygen bonds in the adsorbed state. 
Hydrogen sulfide and other compounds containing hydrogen bonded to 
an electronegative clement function in the same manner as water. 

Dehydrogenation of Alkenes. Conjugated alkadienes result from 
the catalytic dehydrogenation of the alkenes. Whether 1- or 2-butene 
was used as starting material, the final product was 1,3-butadiene.^*® 
Likewise the pentenes and methylbu tones yielded 1,3-pcntadienc and 
methyl-1, 3-buta diene, respectively. A tendency to form allene type 
products was not observed with butenes and pentenes, and propone 
yielded predominately carbon and hydrogen when subjected to dehydro- 
genation conditions. Alkynes are not formed in the catalytic dehydro- 
genation of alken(is, and starting with butadienes under dehydrogc'iiation 
conditions, the reaction yiedds licjuid polymerization and condensation 
products. The catalysts used for dehydrogenation of alkanes to alkenes 
are effective in producing alkadienes from alkenes. The equilibrium 

ILC^CH— CHa— CHs ±:> CH2=CII— CII=Cn2 + H2 

is shifted to the right by both increased temperature and diminished 
pressure. The amount of butadiene from 2-butene at 700° was also 
incrc'ased by the presences of magnt'sium oxide, zinc oxide, silica gel, 
platinum, iron, cojjper, and charcoal.'^® Yields decreased in these ex- 
periments when the velocity of the incoming biiUme was increased or 
the time of reaction shortened. C'arbonaceous deposits are formed to a 
greater extent in the dehydrogenation of alkenes than of alkanes. By 
shortening the contact time, carbon formation may be minimized.^^® 


V. DEHYDROCYCLIZATION OF ALKANES AND ALKENES 
TO AROMATIC HYDROCARBONS 

For a long time, aliphatics and alicyclics have been known to give 
low yields of aromatic hydrocarbons at high temperatures by cracking.**^ 

Beeck, Nature, 136 , 1028 (1935). 

^^*Grosse, Morrell, and Mavity, lad, Eng. Chem., 32 , 309 (1940). 

Fedorov, Smirnova, and Semenov, J. Applied Chem. {U.S.S.R.), 7 , 1166 (1934) 
[C. A,, 29 , 5808 (1935)]. 
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In recent years, however, a new reaction of catalytic dehydrocyclization 
or aromatization has been used to convert alkanes and alkenes of six 
to ten carbon atoms into aromatic hydrocarbons in almost theoretical 
yields. The products obtained are those predicted when rearrangement 
of the hydrocarbon skeleton prior to cyclization does not take place. 
For example, n-hexane or n-hcxcne and n-heptane or n-heptene yield 
benzene and toluene respectively. Thermodynamic considerations in- 
dicate th^t dehydrocyclization should be carried out above 300°. 
Since the ^iphatic; hydrocarbons decompose at these temperatures, 
aromatization requires the selection of a dehydrogenating catalyst that 
docs not split the carbon-carbon linkages. A catalyst which can readily 
be reactivated is necessary since the catalyst is poisoned by accumula- 
tion of hydrogen, water vapor, oxygen, by-products, and carbonaceous 
materials.^®®’ The more efficient catalysts are found in the oxides^ 
from metals of groups IV, V, and VI of the periodic table. Certain' 
variations of these oxides promote an almost quantitative reaction.'^ 
Alkenes, however, arc not wholly ehminated as products of the rcac^tion 
even with these catalysts. 

Moldavskii and co-workers obtained, with chromium oxide as cata- 
lyst at about 470°, appreciable amounts of aromatics from the dehydro- 
cyclization of alkanes having six to ten carbon atoms.’®® Molybdenum 
sulfide and activated carbon also caused dehydrocyclization. Octane 
was converted into 1 ,2-dimethylbenzene by the catalytic action of zinc 
oxide, titanium oxide, molybdenum oxide, or molybdenum sulfide at 
temperatures of 400° to 550°.’®^ Activated wood charcoal or carbon 
deposited on iron turnings promoted the conversion of octane into 1 ,2- 
dimethylbenzene and of 2,5-dimcthylhexane into 1,4-dime thylben- 
zene.’®® Other experimenters using platinized charcoal at about 310° 
obtained small yields of aromatics.’®® Platinum with nickel catalyzed 
the reaction at 260° to 350°.’®’ Nickel with alumina promoted dehydro- 

Taylor and Turkevich, Trans, Faraday Soc,, 36 , 921 (1939). 

Zelinsky, Kasanskii, Liberman, Lossik, Plate, and SerKuierxkf), Com pi. rend. acad. 
scL U,R.S.S., 27 , 443 (1940) ; Kazanskii, Plate, Bulanova, and Zelinsky, ibid., 27 , 058 
(1940); Kazanskii, Serguienko, and Zelinsky, ibid., 27 , G()4 (1940). 

Grosse, Morrell, and Mattox, Ind. Eng, Chem., 32 , 528 (1940). 

163 Moldavskii, Kaniusher, and Kobyl’skaya, J. Gen. Chem, {U.S.S.R.), 7 , 109 (1937); 
Refiner Natural Gasoline Mfr., 18 , 118 (1939); Moldavskii and Kamushcr, Compt. rend, 
acad. SCI. U.R.S.S., 10 , 355 (1930). 

Moldavskii, Kamusher, and Kobyl’skaya, J. Gen. Chem, (U.S.S.R.), 7 , 1835 (1937) 
[C. A., 32 , 508 (1938)]. 

Moldavskii, Bezprozvannaya, Kamusher, and Kobyl’skaya, ibid.^ 7 , 1840 (1937) 
[C. A., 32 , 508 (1938)]. 

Kazanskii, Plate, and Goledman, Compt. rend. acad. act, U.R.S.S.y 23 , 250 (1939); 
Kazanskii and Plate, J. Gen. Chem. (U.S.S.R.), 9 , 490 (1939) [C. A., 33 , 9294 (1939)]; 
Kazanskii and Plate, Ber., 69 , 1862 (1936). 
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cyclization of n-octane and n-decane, but this catalyst also caused the 
side chain to split, yielding toluene and alkanes as the final products.^®^ 
Chromium with copper and phosphoric acid catalyzed dehydrocycliza- 
tion of n-hcptane, n-decane, and isodecanc, but yields were less than 60 
per cent.^®* Chromium borate was effective but its activity decreased 
rapidly.^®® 

The oxides of metals of groups IV, V, and VI give much better 
results than other catalysts which promote dehydrocyclization, and the 
form in which they are used is important. With chromium oxide gel at 
about 470°, 89 per cent toluene was obtained from heptane and 90 per 
cent aromatic products from heptene.*®® With freshly prepared chromic 
oxide, the aromatic yield was composed of almost 100 per cent benzene 
from n-h(5xane, 95 per cent toluene from n-heptane, and about 80 per 
cent 1,4-dimethylbenzene from 2,5-dimethylhexane.'®® The activity 
of previously ignited chromium oxide decreased much more rapidly 
than that of the non-ignited.^®® Chromium oxide deposited on the 
previously ignited comi)ound, however, was more effective than cither 
form alone.'®^’ ^®® On alumina, non-ignited chromium oxide is very good 
and may be readily regenerated with air. Vanadium, thorium, molyb- 
denum, and uranium oxides were also more active when used on an 
alumina carri('r. C’hromium oxide is effective at low^cr temperatures 
than vanadium oxide.'®' The comparative value of the oxides as cata- 
l3^sts was chromium, vanadium, and molybdenum > chromium and 
vanadium > chromium and molybdenum > chromium > vanadium 
and molybdenum.'®® A mixture of cobalt oxide and chromium oxide on 
alumina also catalyzes aromatization, and this catalyst is readily 
regenerated.'®® 

The results of dehydrocyclization vary with the size and stracture 
of the hydrocarbon used. The reaction is less successful if the compound 
must isomei ize to a six-caibon chain before cyclization as in the case of 
the melhylpentanes.'®® An increase in the size of the hydrocarbon 
molecule increases aromatization. 7i-Nonane produced about 38 per 
cent more aromatic products than did n-hexane. Cracking reactions, 
i.e., carbon-carbon cleavages, become more important with hydrocar- 
bons havmg more than eight carbon atoms. In some hydrocarbons, 

Komarewsky and Riesz, J. Am. Chem. Sue., 61 , 2524 (1939). 

Karzhev, Sever’ Yanova, and Siova, Oil Gas J., 37 , No. 4, 60 (1938) ; Khim. Tverdoga 
Topliva, 7 , 659 (1936). 

*®’ Kazanskii, Liberman, Plate, Serguienko, and Zelinsky, Compt. rend. acad. sci. 
U.R.S.S., 27 , 440 (1940). 

Hoog, Verheus, and Zuiderweg, Trans. Faraday Sue., 36 , 993 (1939). 

Koch, Brennstoff-Chem., 20, 1 (1939). 

Sergienko, Bull. acad. sci. U.R.S.S., No. 1, 191 (1941). 
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chain branching is observed to increase the yield of aromatics, but in 
others it seems to decrease aromatization. The difference between 
2,5-dimethylhexane and 3-methylheptane indicates that branching 
favors aromatization, but the difference in the products of 3-mothylhep- 
tane and w-octane shows the contrary. When compounds present alter- 
native courses for ring closures, not all possibilities are reahzed. The 
aromatic yield from 3-methylheptane, for example, is about 35 per cent 
1,2-dimethylbenzene, 5 per cent 1,3-dimethylbenzene, 55 per cent 1,4- 
dimethylbenzenc!, but only 5 per cent ethylbenzene. Two isomers are 
theoretically formed from both ? 2 -octane and «-nonane, but 80 per cent 
of the eight-carbon aromatic product is 1,2-dimcthylbenzone and 90 
per cent of the nine-carbon yield is l-methyl-2-cthylbenzenc. Ring 
closures seem to involve secondary carbon atoms pn'fen'iitially, and 
compounds which have the shortest ])ossible side chains result if theii: 
formation does not recpiirc isomerization of the carbon skeleton. During 
the aromatization of alkanes in the presence of chromium oxide 2- and 
3-alkenes are also foimed. The positions of the double bonds are prob- 
ably determined by the; catalyzed isomerization of 1-alkenes. 

Aromatization of alkenes, as of alkanes, increases with th(' number of 
carbon atoms.’®® The position of the double bond may infliumcc! the 
reaction. Thirteen per cent more aromatics was obtained from 1-hexene 
than from 2-hexenc but only 4 per cent more aromatics was obtained 
from 1-heptene than from 2-licptene. Dehydrocyclization of the alkenes 
occurs more readily than that of the alkanes.’®®’ ’®® The aromatization, 
however, is not corres))ondingly gi’('at('r since the catalyst is more' rapidly 
deactivated in alkene n'actions b^’ the gi'('ater occunencc' of sid(' rc'ac- 
tions.’”® l-H('X('ne yu'lds 11.5 per cent more aromatics than /(-hexane, 
and 2-octene jdelds 13 per cent more aromatics than //-octane*.’®® A 
shifting of the doubk; bond from the terminal position is found in the 
alkene products from chromium oxide-catalyzed reactions. The point 
of unsaturation of 1- and 2-heptene shifts to the 3-position. 

Several possibilities may be offert'd for the; course through which 
dehydrocyclization proex'eds.’®® The alkane may form the aromatic iti 
one step by a simultaneous cyclization and dehydrogc'nation. A second 
method is the primary formation of an alkene which may form (uther an 
aromatic directly, or an alicyclic which d(diydrogenat(\s to an aromatic, 
or an alkane may form an alicyclic which in turn yields an aromatic. 
Alkenes in the final reaction products may be accounted for by side 
reactions rather than by their formation as intermediates in the dehydro- 
cyclization reaction, but data indicate that cyclization of alkanes 
occurs largely through dehydrogenation to the corresponding alkene. 
Although it is probable that the reaction proceeds partially through 
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formation of an alicyclic, very few and in some cases no alicyclic com- 
pounds have been found in the final products^®®’ Pitkethly 

and Steiner have proposed two mechanisms in which some of the inter- 
mediates exist in association with active centers on the catalytic sur- 
faced®® 

Their data give evidence that alkenes arc actually intermediate products 
but that cyclic compounds do not exist in an isolable form. The follow- 
ing mechanism, in which X repn'sents an active center on the catalytic 
surface, has been proposed to ccxirdinate the data of Rideal and the 
postulations of Pitkethly and Steiner:*®^ 
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/ \ 

CII2 CIR— CTIs 

CTT2 CHs H 
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CH 11 
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X X 
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Toluene 


The dehydrocyciization of alkanes, although discovered but a few 
years ago, is now in commercial ojM'ration. One plant costing over 
$14,000,000 produces 30,000,000 gallons of toluene yearly, which is more 
than the total producc'd by all the coal carbonization units operating in 
the United States. The toluene will be converted into the explosive 
trinitrotoluene. 


VI. PREPARATION OF THE HALOGEN DERIVATIVES OF 
ALIPHATIC HYDROCARBONS 

The halogen derivatives of aliphatic hydrocarbons are prepared by 
action of th(! halogens and halogen-containing compounds. Alkyl bro- 

Pitkethly and Steiner, Trans. Faraday Soc.y 35, 979 (1939). 

Twigg, ibid., 36, 1006 (1939); Rideal, Proc. Cambridge Phil. Soc., 36, 130 (1939). 
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mides and chlorides are produced with greater facility than iodides and 
fluorides since the iodination reaction is reversible and fluorination tends 
to be explosive. Bromination, while readily accomplished, has received 
less attention in the laboratory and is of less commercial importance 
than chlorination. 

Chlorination or bromination of alkenes may bo controlled so that 
substitution products arc formed. As with the alkane substitutions, 
^he mechanism of this reaction appears to be a radical chain mechanism. 

The alkadienes and alkenynes usually form 1 ,4-addition compounds 
rather than simple addition products as observed with alkenes. The 
alkenynes also resemble the alkyncs in some halogenation reactions. 

The halogen substitution of alkynes requires the use of special re- 
agents. 

Halogenation of Alkanes 

The reaction of alkanes with halogens is brought about by heat, 
light, and catalysts. There is considerable cvid(‘nco that halogenation 
follows a chain-mechanism reaction, but the difficulty in isolating all 
intermediate compounds prevents ('stablishment of one d<'finit(! course 
of reaction. Activation energy calculations on the chlorination of meth- 
ane as well as recemt experimental data support a free-radical chain 
mechanism. 

The facility with which halogenation takc's place is largely deter- 
mined by the halogen used. Fluorine derivatives of alkanes an* usually 
prepared by indin^ct methods such as the* reaction of bromo-, chloro-, 
or iodoalkanes with a metallic fluoride or the reaction between fluorine 
and charcoal. Chlorine has been studied almost exclusively in the halo- 
genation reaction since it substitutes more readily than bromine. 

Thermal Halogenation of Alkanes. Halogenation of alkanes takes 
place a.s a homogeneous reaction at elevated temperatures, i®*’* '®®' i®’ 
The chlorination of lower alkanes is effected thermally ’®^ above 200° 
and has been studied at temperatures over 1000°. Methane, ethane, 
propane, and butanes give appreciable yields of chlorinated products 
at about 300°. 

The extent of polysubstitution depends on the rates of competing 
reactions. ‘®® Polysubstitution may be minimized by tempc'rature con- 
trol,^®®’ ^’® but a good yield of monochloride may be obtained at high 

165 Vaughan and Rust, J . Org. Chern,, 6, 449 (1940). 

166 Pease and Walz, J. Am. Chem. Soc., 63 , 3<S2, 3728 (1931). 

^67 Yuster and Reyerson, J. Phya. Chem., 39, 859 (1935). 

166 Mason and Wheeler, J. Chem. Soc., 2282 (1931). 

166 Guyer and Rufer, II eh. Chim. Acta, 23 , 533 (1940). 

1^6 Hass, McBee, and Weber, Ind. Eng. Chem., 28 , 333 (1936). 
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temperatures, 800° to 900°, by rapid passage of the gases through the 
reaction tube.'®* 

Both the mono- and dichlorination products give evidence that car- 
bon skeleton rearrangements occur only as a result of pyrolysis.'’* 
Liquid phase chlorination shows rates duplicated by vapor phase chlori- 
nation only at much higher temperatures."® In regard to the orienta- 
tion of a second substituent, Hass and co-workers report that the 
presence of a halogen on a carbon hinders further substitution on that 
atom."® 

Uncatalyzed fluorine substitution proceeds under somewhat modified 
conditions. Moissan isolated (iarbon tctrafluoride from the fluorinated 
products of a low-teinp('rature methane-fluorine reaction."^ Hexane 
was fluorinated at the temperature of an ice-salt bath by the introduc- 
tion of the halogen diluted with nitrogen gas."® Fluorohexadecane was 
obtained when fluorine diluted with carbon dioxide was reacted with a 
carbon tetrachloride solution of j«-hexadeeane."' 

Experimental evidence indicates that th(‘rmal chlorination results, 
at least in part, from a chain mechanism. Observations have been made 
which support both a free-radical chain and a thermal chain initiated 
through bimolecular metatheses. The simple mechanism may be 
illustrated : '®® 

Cb Cl + Cl 

Cl -t- C 2 II 6 Calls + HCl 

Calls + CI 2 CaHsCl -I Cl 

Cl + Wall — > chain ending 

Yuster and Reyerson suggest chain-termination possibilities represented 
by the intermediates of the propane reaction: '®’ 

Cl + Cl CI 2 

C 3 H 7 + Cl C 3 II 7 CI 

CaHsCl + Cl CsHsCla 

CsHsCla + Cl CallsCla, etc. 

CalL + CsHsCl ^ CsHisCl 
Active group + O 2 — > inactive group 

'’•Hass, MoBec, and Welwr, ibid., 27, 1190 (1935). 

Moissan, Compl. rend., 110, 951 (1890). 

Frodenhagen and Cadcnb.ach, Her, 67, 928 (1934). 

BockenmuUer, Ann., 606, 20 (1933). 
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The production of chlorine atoms and the termination of chains on the 
wall of the reactor arc indicated by dependence of the reaction on a 
surface. The fact that the presence or absence of moisture, carbon sur- 
faces, and light docs not affect the relative reaction rates of substitution 
indicates a chain reaction initiated at the walL^^® The inhibitory effect 
of oxygen supports a frcic-radical chain mechanism. An induction 
period also indicates the initiation of a chain niaction. 

In consideration of experimental results on thermal chlori- 

nation of alkanes, the following generalizations may be offered: 

1. A molar excess of alkane over halogen diminishes the amount of 
polychlorination. 

2. Oxygen inhibits chlorination. 

3. The presence of alkenes inhibits the chlorination of alkanes. Th^ 

chlorination takers place, however, on the alkane. \ 

4. Carbon skek'ton rearrangements do not occur bc'low temperatures 
at which pyrolysis takes place. 

5. The relative rates of substitution arc primary < secondary < 
tertiary, but the rates approach 1 : 1 : 1 at inennising teanpe^ratures. 

6. The redative rates of primary, secondary, and tertiary substitu- 
tion are not affected by moisture, carbon surfacc^s, or light. 

7. Increased pressure causes increased relative rates of primary 
substitution. 

8. The frc'e-radical chain mechanism seems to offer a plausible ex- 
planation for thermal chlorination. 

Catalytic Halogenation of Alkanes. Several types of substances 
accelerate the halogenation of alkanes. Effective materials an' com- 
pounds which readily decompose to free radicals; metals and metallic 
salts, alone or dispersed on silica gel or pumices; activated carbon; and 
simultaneously reacting ok^fins. Ethane and chlorine react in the pres- 
ence of tetraethyllead at 132^^, a temperature about 150° lower than 
that required for purely thermal chlorination. The catalytic action 
of this type of compound supports a chain mechanism. 

Some metals and metallic salts accelerate halogenation reactions. 
The control of direct fluorination has been effected by modifying the 
reaction rate with a copper gauze catalyst.^^® Cupric chloride, cerous 
chloride, and ferric chloride are frequently used in "the chlorination of 
alkanes. Bromination occurs with ferric bromide on pumice. 

Hass, McBee, and Hatch, Ind. Eng. Chcin.^ 29 , 1335 (1937). 

Hadley, Yonng, Fukuhara, and Bigelow, paper presented at Am. Chern. Soc. Meet- 
ing, Cincinnati, 1940 ; Calfce, Fukuhara, and Bigelow, J . Am. Chern. Soc., 61, 3552 (1930), 
Calfee and Bigelow, 59 , 2072 (1937). 

Giordani, Ann. chirn. apjdicata, 25 , 103 (1935) [C. A., 29 , 6200 (1935)]. 

178 Zapan, Tkei^es Faculte Sci. Univ. Paris, 9 (1930) [C. A., 26 , 77 (1932)]. 

178 Tomasik, PrzemysL Chem., 18 , 598 (1934) [C. A., 29 , 6200 (1935)]. 
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Activated cupric chloride on silica gel has been found to be more effi- 
cient than activated copper or aluminum oxide in the chlorination of 
propane at 324°; there is a heterogeneous reaction under these condi- 
tions, showing the following mechanism at the surface: 

CuCb + heat -> CuCl -|- Cl 
CuCl + Cl + C3H8 IlCuCb + C3H7 
HCuC] 2 + heat -> CuCl -j- IICI 
CuCl + CI2 CuCb + Cl 
Cl + C3H7 -» CsIIjCl 

Antimony pentachloride catalyzes the chlorination of methane and 
ethane more cffiuitively than titanic chloride, which in turn is more 
effective than stannic chloride.*^* 

Chlorination may also bci catalyzed by simultaneously rcacthig ole- 
fins. Pentanc'. in a mixture with ethene and chlorine undergoes substi- 
tution, and chloropentane is formed in pnifcn-eiu^e to dichloroethane.'®^ 
Stewart and Weidenbaum have i)roposed a chain mechanism favor- 
ing proj)agation by the olefin intermediate rather than the pentane 
intermediate: 

1 CI2 CH- Cl 

2(a) Cl -H C2n4 -> C2H.,C1 

(6) Cl + C!,n,2 ^ ca-ln + HCl 

3 C2H4CI + CeHis C2TT4 + C5H11 + HCl 

4 CgHu + CI2 C5II11CI + Cl, etc. 

Reaction (a) is not as slow as (6), and consequently (a) is the favored 
course of reaction. 

Alkanes may be chlorinated with .sulfuryl (ihlorido if a peroxide is 
present as catalyst.^*" The reartion proceeds in the dark and is more 
rapid than photochlorination with chlorine gas. Introduction of a 
second substituent using benzoyl and lauroyl peroxide is comparatively 
difficult and takes place on the carbon atom farthest removed from the 
halogenated carbon, while substitution of a third chlorine is impossible 
with this reagent. Bromine is not displaced by chlorine from sulfuryl 
chloride. 

Photohalogenation of Alkanes. Alkanes may be halogenated at low 
temperatures in the presence of cither sunlight or artificial light. Photo- 

180 Keyerson and Yuster, J. Phys. Chew., 39, 1111 (1935). 

Stewart and Weidenbaum, J, Am.. Chem. Soc,, 67, 203G (1935). 

Kharasch and Brown, ihid., 61 , 2142 (1939). 
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chlorination is a process of progressive substitution and often becomes 
explosive.^*® Polyhalogenation can bo partially eliminated through the 
use of less active forms of light. The ultra-violet ray docs not seem to 
be the effective ray in chlorination.'®^ Oxygen inhibits the chlorination 
process.'*®’ '** 

The chain mechanism of reaction is very well established for photo- 
halogenation. The course of reaction b(’gins with the dissociation of 
the diatomic halogen molecule to form “odd molecules” as a result of 
the absorption of one quantum of light by the original molecule. This 
“odd molecule” then starts the reaction which is carried on by the alter- 
nate formation and disappearance of this molecule. The chain is ter- 
minated by recombination of atoms, reaction of radicals, or a triple 
collision in which a third body, such as the wall, removes the energy .^*^ 
Recent investigations support a chain mechanism which involves the 
“transitory existence of a free radical”: '** 

Ch ^ 2C1- 

Cl- +RII-» R- +HC1 
R- + CI 2 RCl + Cl- 

The quantum yield dcicreased with length of exposure indicating an in- 
creasing prevalence of chain termination reactions.'*^ The quantum 
yields for the photoehlorination of methane were of the order 10* mole- 
cules//u; in both ultra-violet light and light of wavelength 4358 A. 

Preparation of the Halogen Derivatives of Alkenes 

With the exception of chlorine seibstitution on isobutene '** and 
trimethylethene,'®* additions have beem ce)n.sidered the only reactions 
between alkenes and halogens until recently when it was found that 
substitution is a type of reaction exhibited by alkenes. 

The unsaturated carbons of alkenes add halogen atoms from the 
molecular halogens, hydrogen halides, and other compounds containing 
a reactive halogen atom. Substitution complicates the addition reaction 
of halogens at elevated temperatures. Addition of hydrogen halides 
normally follows Markovnikov’s rule (p. 638) that the halogen atom 

*** Egloff, Schaad, and Lowry, Chem. Rev., 8, 1 (1931). 

Coehn and Cordes, Z, physik. Chem., B9, 1 (1930). 

Deanesley, J. Am. Chem. Hoc., 66, 2501 (1934). 

'*• Jones and Bates, ibid., 66, 2282 (1934). 

1" Rollefson, J. Phys. Chem., 42 , 773 (1938). 

Brown, Khara.seh, and Chao, J. Am. Chem. Hoc., 62 , 3435 (1940). 

Sheshukov, J. Russ. Phys. Chem. Hoc., 16 , 478 (1884). 

Kondakov, ibid., 17 , 290 (1885). 
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goes to the unsaturated carbon atom bearing the least hydrogens. 
There are exceptions, however, and attempts have been made to explain 
abnormal orientations resulting from peroxides and solvents. 

Halogen Substitution of Alkenes. The substitution of halogen into 
alkenes compares with the halogenation of alkanes. Thermal and “in- 
duced” substitutions are common to both. Similar mechanisms explain 
their respective courses of reaction. It is questionable, however, 
whether any of these are induced substitutions or substitutions depend- 
ing on the specific character of the alkcne. Stewart and Weidenbaum 
found the pentene reaction comparable with the chlorine substitution of 
pentane as induced by an cthene-chlorine mixture.^®^ 

Substitution of alkenes at high temperatures is in many respects 
comparable to thermal substitution of alkanes. The presence of the 
alkene also has been shown to hinder the total chlorine substitution of 
the mixture.**^ The pre.sence of other alkenes, especially propene, also 
inhibits substitution in cthene, while some substitution preferentially 
occurs on the saturated carbons of the alkene inhibitor. The substitu- 
tion reaction takes place excilusively above a critical temperature range 
while below this range the reaction is addition. The temperature range 
varies with each hydrocarbon.^®^ 

Alkene Critical Temperatcre Range, °C. 

2-rentenc 125-200 

2-Butene 150-225 

Projiene 200-350 

Ethenc 250-350 

Bromine substitution at high temperatures is greater than that of 
chlorine; but near the lower limit of the critical range, bromine substi- 
tution scarcely occurs. This may be explained by the relatively greater 
dissociation of bromine at the elevated temperature. The temperature 
ranges of the various hydrocarbons indicate that ease of substitution is 
least in hydrocarbons having two primary carbon atoms on the double 
bond; inereases when the hydrocarbon has one secondary atom on the 
double linkage ; is even greater with two secondary atoms on the double 
bond; and substitution is predominant when the hydrocarbon has an 
unsaturatod tertiary atom. It appears that substitution proceeds more 
readily to yield allyl-type products than the vinyl type. The produc- 
tion of allyl-type products falls in line with the proved greater ease of 
alkane substitution over alkene substitution. 

Stewart and Weidenbaum, J, Am, Chem, Soc.^ 68 , 98 (1936). 

Rust and Vaughan, J, Org. Chevi,, 6 , 472 (1940). 

^®®Groll and Hearne, Ind. Eng. Chcfn., 31, 1530 (1939). 
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Both substitution and addition of chlorine by alkcncs at high tem- 
peratures seem to occur largely by radical chain mechanisms, but re- 
actions at surfaces and gas-phase bimolecular associations and meta- 
thescs probably also enter into the total reaction.^®- Surface effects give 
some evidence of both bimolecular association and chain initiation. 
Calculations basc^d on activation energies slightly favor chain mecha- 
nisms over bimolecular processes.^®^ 

Addition of Halogen to Alkenes. Addition of chlorine to alkenes 
takes place with comparative ease. Reactivity seems to increase with 
the size of the alkene molc'cnle.’®® A study has beem made on pure etheiie 
and chlorine gases reacting at 20° in the absence of light. The reaction 
was complicated by sulistitution which produced tiic-hlorocthane.^®®’ '®’ 
Oxygen slowed down the total reac^tion rate and t('nded to eliminate'^ 
substitution.^®® An induction period w'iis obsc'rvcid which terminated by > 
the formation of a liquid film on the wall of the reactor, and the reacition 
proceeded rapidly from this point. Thc'sc; o])servations indicate an 
autocatalytic reaction involving chain mechanism. Stewart and Smith 
postulate an activated liquid complex of dichloroethaiu; as the inter- 
mediate which catalyz(‘s addition.^®* 

Normal addition has bc*en observed on tertiary carbon atoms at the 
double bond, but the substitiitioTi reaction predominates.'®®’ '-®®’ ®®' 
The solvent used is an important factor in alkene reactions. 

With bromine, alkenes imdi'rgo a reaction similar to that observed 
with chlorine. The uncatalyzc'd addition of bromine to (‘tlnme at lfi° 
in the absence of light is a surfaces rt'action, and simpk' addition results 
unless bromine is present in ('xcess so that sui^plementary rea(;tions an^ 
induced. Moisture accelerates this reaction jn'obably by surface action 
rather than by effect on the reacting substance’s in the bulk phase.®"- 

lodine fonns less stable compounds with alkenes than do the other 
halogens. In the gaseous phase, diiodoethane undergoes homogeneous 
decomposition which may be a(!C.el(!rat(!d by iodide ions.®®®’ I'he 
reaction of ethene gas with iodine was reported probaljly to take place 

Sherman, Quimby, and Sutherland, J, Chciti. Phys., 4, 732 (193()). 

196 Mamedaliev, Azcrhatdzhariskoe Ntftyanoc Khoz.., No. 3, 07 (1935; [C. A., 29 0205 
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Stewart and Smith, J. Arn. Chevi, *SVic., 51 , 3082 (1929). 
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200 D’yakonov and Tischenko, J. Gen. Client . {U .H.H.R,), 9 , 1258 (1939) [C, A., 34 
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on the surface of solid iodine.*'®^ The velocity of this addition was much 
greater than that of the homogeneous reaction in carbon tetrachloride. 
With iodine, as was observed in the case of bromine, velocity of addition 
is enhanced by the presence of methyl groups on the unsaturated car- 
bon atoms. 

Addition of Hydrogen Halides to Alkenes. The alkcnes add halogen 
acids in the order: HI >HBr>HCl>HF. Addition takes place more 
readily with propone than with ethene and even more readily with bu- 
tenes and higher homologs. With some exceptions which have been 
attributed to intramolecular rearrangements, properties peculiar to a 
specific comjiound, and effects of peroxides, solvents, and catalysts, 
orientation follow's the Markovnikov rule. 

Addition of hydrogen fluoride to alkenes has been accomplished, 
although activation energy calculations show that less energy is re- 
quired for th(! cleavag(“ of the carbon-carbon bond than for the; addition 
of hydrogen fluoride to ethene.-®® Grosse and Linn prepared ethyl, 
isopropyl, <cr/.-butyl, and fcrf.-pentyl fluorides by uncatalyzed addition 
of hydrogcni fluoride to the alkene.^®^ 

Ethyl chloride may be formed by addition of hydrogen chloride to 
ethene at temperatures sufficiently low to avoid reversibility of equi- 
librium. It w'as Ix'lieved that propene and hydrogen chloride did not 
react in the gaseous phase at relatively high temperatures, but with in- 
creasi^d pressui'e the reaction took place.-®® The reaction rate increased 
with temperature as long as the density decrease w'as not relatively 
greater than the triinperatuie increase.-®* Likewise, the rate of the 
licpiid reaction increases with temperature until the density begins to 
d(Kuease rapidly. These lesults have becni interpreted as showing that 
the “structure” common to tlni liquid state favors high reaction rates. 
In hj'drogen chloride; addition to 3-methyl- 1 -butene both the secondary 
and tertiary products are obtained.**® The fonnation of the tertiary 
product W'as attribut(;d to a rearrangement of an intermediate: 

(CH3)2CHCH=CIl2 -^> (CH3)2CHCHCH3 ~> (CH3)2CHCI1C1CH3 

€) 

H; rearranges 
Cl^ 

(CH3)2CCIl2CH3 > (CIl3)2(C2H»)CCl 

BytheU and Robertson, ibid., 179 (1938). 

Sun and »Sze, J. (^hincae Chctri. 6, 1 (1937). 

207 Grosso and Linn, J. Org. Chern,, 3, 27 (1938). 

Sutherland and ^laass, Cm\. J. Utaearch, 6, 48 (1931). 
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Addition of hydrogen bromide compares with that of hydrogen chloride. 
Compounds with equally hydrogenated unsaturated carbon atoms can- 
not be classified under Markovnikov’s rule, and published data do not 
warrant set rules of orientation. 

The more reactive hydrogen iodide forms addition compounds with 
alkenes, but the reversibility of the reaction limits success in obtaining 
good yields.^*^ With the higher alkenes Tuot obtained polyiodides in- 
stead of monoiodides because hydrogen iodide dissociates more rapidly 
than it “fixes” to the hydrocarbon.^^ 

Orientation is at least partially influenced by the solvent used. In 
experiments on the addition of hydrogen bromide or iodide to propene 
and 1-pentcne, primary halides were favored by solvents in the order 
of the relative values of internal pr(!.ssure of the solvents.*^* The or^er 
of positive effect is propane > nitrobenzene > acetic acid > water. This 
order of effect is not in agreement with the order of the dielectric con- 
stants of the substances or with fhe order of their respective electro- 
negativities. The presence of the highly ioniz(;d trichloroacetic acid 
increases the proportion of tertiary compound over that found in the 
reaction without solvent or with the comparatively weak acetic 
acid.2^^ 

Catalytic Addition of Halogens and Hydrogen Halides to Alkenes. 

Addition of halogens and halogen acids to alkenes is catalyzed by metals, 
metallic salts, and certain organic comi^ounds. Most of these catalysts 
accelerate the normal addition defined by Markovnikov’s rule. Abnor- 
mal addition, however, is catalyzed by a few metals. 

The chlorination of ethene occurnd in an iron reactor but not in a 
lead reactor under the same conditions.^’^ Tetraethyllead accelerates 
addition, but its effectiveness on addition disappears at elevated tem- 
peratures where substitution .sets in.^®^ Calcium halides promote addi- 
tion and minimize substitution of alkenes.^®*’ Quinoline and hydro- 
gen bromide also catalyze addition.®*^ 

Since alkyl chlorides undergo thermal decomposition to olefins and 
hydrogen chloride, the use of a catalyst which will facilitate prepara- 
tion below the decomposition temperature is desirable. Compounds 
containing a tertiary unsaturated carbon atom react at — 80° without a 


2“ PoUissar, J. Am. Chem. Son., 62 . 956 (1930). 

21^“ Tuot, Compt. rend., 200 , 1418 (1935). 
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catalyst. Aluminum chloride brought about reaction between 
alkenes containing — C=C — groupings and dry hydrogen chloride at 

I I 

H H 

— 78 °. Ferric , ^ stannous, stannic, mercuric,*®^ nickel, aluminum, 
and calcium chlorides on silica gel acted as satisfactory catalysts. Addi- 
tion of hydrogen chloride and bromide to ethene is accelerated by the 
corresponding anhydrous bismuth halide.^^* 

Certain metals catalyze “abnormal addition,” the bromine atom 
from hydrogen bromide adding to the more highly hydrogenated un- 
saturated carbon.®^®’ 

In order to catalyze abnormal addition, it appears that on reaction 
with anhydrous hydrogen bromide the metal must form a metal bro- 
mide which is neither a strong accelerator of normal addition nor a 
powerful inhibitor of abnormal addition.^-® The mcichanism seems to be 
similar to that of the peroxide-catalyzed abnormal addition and involves 
the following steps: 

HBr -1- Fe BrFe- + II- 
HBr -b H- II2 + Br- 

H2C=CII— CII3 + Br- BrHsC^CII— CHs 

BrllaC— CII— CHs -b HBr BrIIaC— CH2CH3 -b Br- 
in the presence of peroxides, a liquid phase reaction mixture of 
hydrogen bromide' and 1-alkene produces considerable quantities of 
1-bromoalkane while the same mixture without peroxides yields a pre- 
dominance of 2-broinoalkane. The latt er isomer is predicted by M arkov- 
nikov's rule and is designated as the “normal” product. Some solvents 
s('em to direct the bromine atom to the abnormal position in the absence 
of peroxides, but others inhibit abnormal orientation even in the pres- 
ence of peroxides. Peroxides accelerate the rate of normal addition of 
hydrogen iodide,*'^* but have no effect on the speed of addition of hydro- 
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Loeiidortse, Tulloners, and Waterman, ibid., 62 , 515 (1933). 

Leendertsc, Tullencrs, and Waterman, ibid,, 63 , 715 (1934). 

Brouwer and Wibaut, ibid,, 63 , 1001 (1934). 

Kliarasch, Kleiber, and Mayo, J. Org. Chem., 4 , 428 (1939). 
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gen chloride.®^'*’ Hydrogen iodide inhibits abnormal addition even 
in the reaction of hydrogen bromide in the presence of peroxides.^®® 
Hydrogen fluoride and hydrogen chloride undergo endothermic reac- 
tions which will not support the rapid, long-chain reactions necessary 
for abnormal addition.^®^ Although the role of the peroxide has not 
been definitely established, it seems almost certain that abnormal addi- 
tion proceeds by a rapid chain reaction. 

The amount of peroxide catalyst is related to the composition of 
products. The yield of abnormal product from 2-isopentone increased 
from about 77 to 92 per cent with an increase of ascaridole from 0.002 
molar to 0.02 molar. Solvents influence the reaction consideral^fly. 
In the absence of peroxides, abnormal hydrogen bromide additioii to 
1-pentene and 1-heptene proceeded in the presemee of glacial acetic 
acid, heptane, or carbon tetrachloride, but ac^ueous hydrogen bromide 
gave the normal product.-®* Kharasch, however, disputed this work 
since he obtained the normal product of l-p(;ntene in the presence of 
glacial acetic acid or propionic acid under antioxidant conditions.®*'* 
The solvents affected the velocity of the addition but had no directive 
influence. Appreciable (luantitics of the abnormal products w('re ob- 
tained in the presence of peioxid('.s w'ith (ithci- at —78°, with acetic acid 
at 0°, and with small amounts of m(!thanol or ethanol at 0°.®*® 

The results of pcaoxide-cat-alyzed as well as iiK'tal-catalyzed abnor- 
mal addition reactions support chain reactions.®®*’ ®®® Formation of 
abnormal isomers through rearrangement do(!S not explain the effect 
since addition of peroxides to normal isomers docs not bring about re- 
arrangement.®*® Michael and Weiner offer an interpretation of solvent 
action involving reversed i-elative electronegativity of the carbon 
atoms.®*® Smith postulates a chain mechanism but disagrecjs with 
Kharasch on the hypothesis that bromine atoms i)ropagate the reac- 
tion.®*® According to Kharasch, normal addition occurs through a chain 
mechanism involving polar ions and molecuk's wiiik? abnormal addition 
proceeds through a bromine atom chain mechanism. The proposexi 
role of the peroxide and of chain propagation in abnormal addition is 
shown in the following example: ®*® 

Smith, Chewisiry & Industry, 833 (1937). 

Kharasch, Norton, and Mayo, J, Am, (hem. Soc,, 62 , 81 (1940). 

231 Mayo and Walling, Chem. Rev., 27, 351 (1940). 

232 Michael and Weiner, J. Org. Chem., 4 , 531 (1939). 

233 Sherrill, Mayer, and Walther, J. Am. Chem. Soc., 66, 920 (1934). 

234 Kharasch, Hinckley, and Gladstone, ibid., 66, 1642 (1934). 

233 Kharasch and Hinckley, ibid., 66, 1212 (1934). 

23® Smith, Chemistry & Industry, 461 (1938) 

237 Kharasch, Engellmann, and Mayo, J. Org. Chem., 2 , 288 (1937). 



THE REACTIONS OF ALIPHATIC HYDROCARBONS 


43 


H:Br: + O 2 (or i)eroxide) — > H;0:b* + ’Br: 

n H 11 H H H 

II:C::C:C:II + -Br: II:C:C:C;H 

• • •• •* ••••• 

H H :Br: 

H H H H H H 

H:C:C;C:H + H:Br: ^ H:C:C:C:H+ -Br: 

ii ':Bt: " ii ii'.Br: 

• • • • 

The inhibitory offend, of antioxidants is probably caused by their effi- 
ciency as chain breakeu’s.-'^® 

Photohalogenation of Alkenes. Light accelerates addition of halo- 
gens and halog('n acids io alkenes. It see^s to have no orienting in- 
fluence on hydrogen halide addition to the double bond and catalyzes 
both normal and abnormal reactions."** Photohalogenation is important 
since it makes possible a study of chain mechanisms of halogenation. 

The reaction rate seems to be proportional to light intensity and also 
to the concentrations of both leacdants.**® The velocity of photoiodi- 
nation of 2-pentene is propoidional to the square root of the intensity 
of radiation absorbed.*^® 

Experimental evidence indicates that photoaddition reactions are of 
eonsid(‘rable chain length.-" Chain initiatu)n is probably brought about 
throxigh the production of a halogen atom by a quantum of light with 
propagation through a halogc'ii atom or free radical. The chain-break- 
ing reaction differs with single cases. Kinetic studies offered no basis 
for chain propagation through triatomic halogens as postulated by 
Rollefson.*® 

Preparation of Halogen Derivatives of Alkadienes 

Halogens and alkadieiu's form dihaloalkenes which may be isolated 
under certain conditions and which undergo further halogenation to 
produce tetrahaloalkaiu's. The halogen acids yield corresponding halo- 
alkenes and dihaloalkanes. 1,4-Addition products often occur with 
conjugated unsaturated systems. 

The reaction of gaseous butadiene and bromine is essentially a sur- 

Kharasch and Mayo, J. Am. Chem. Soc., 65 , 2468 (1933). 

Foibcs and Nelson, ibid., 69 , 093 (1937). 

Ghosh and Bhattacharyya, Science and Culture, 3 , 120 (1937) [C. A., 32 , 414 (1938)] 

Schumacher, Angew. Chem., 49 , 013 (1936). 

*« Booher and Ilollefson, J. Am. Chem. Soc., 66, 2288 (1934). 
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face reaction.2^^’ Since coating of the surface with paraffin has 
little effect on the reaction, it occjurs at the surface of the reaction film 
rather than of the container. This phenomenon is further evidenced 
by the fact that the rate increases until the walls are covered by a uni- 
molecular layer of reactants and then becomes constant. Experimental 
data indicate a chain reaction initiated at a wall and broken by oxygen. 

Reaction of 2-methyl-l,3-butadienc with chlorine in carbon tetra- 
chloride yielded the 1,4-compound predominantly as addition product 
and an appreciable quantity of l-chloro-2-methyl-l,3-butadiene which 
indicates a substitution reaction.-^® 

The reaction of butadiene with chlorine in carbon disulfide yielded 
twice as much 1,2-addition product as 1,4-product.^^'^ The following 
course was postulated for formation of the two dichloro compoundf^: 

I 

CHi^CH— CH=CH 2 — >CHir-CH— CII=CIl 2 CHa— CH==CII— CH 2 

I + I + 

Cl Cl 

i I 

Cll 2 ~CII— CH=CIl 2 CH 2 — CH=CII— CH 2 

II I I 

Cl Cl Cl Cl 

A suggestion that rearrangonrK'nt to the 1,4-compound follows formation 
of the 1,2-isomer falls in lino with the relative difficulty in breaking the 
carbon-bromine linkage and the fact that greater proportions of 1,4- 
compound are found in the bromine than in the chlorine reaction. 

3-Bromo- 1-butene was reported as the product from a reaction car- 
ried out under extreme antioxidant conditions.-^® This product is evi- 
dence of an initial 1,2-addition. Peroxide addition to a mixture of 
isomers favored rearrangement of the 1,2-i.somer to the 1,4-compound. 

Sulfur chloride and 2,3-diniethylbutadiene in the presence of stannic 
chloride form a cyclic compound, 3,4-dichloro-3,4-dimethyl-2,5-dihy- 
drothiophene.®*® 

Cl Cl 

I I 

H 3 C— C C— CII 3 + SCI 2 -» CII 3 — C C— CH, 

II II II 

H 2 C CII 2 II 2 C CII 2 

2«Heisig, ibid., 58 , 1095 (1936). 

Heibig and Davis, ibid., 55, 1297 (1933). 
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With butadiene, however, tetrachlorobutane was the product rather 
than a cyclic sulfur compound. 

Preparation of the Halogen Derivatives of Alken3mes 

Compounds containing both double and triple carbon-carbon bonds 
undergo substitution by, and addition of, halogen atoms. 

The triply bonded carbon substitutes a bromine or chlorine atom 
for hydrogen on reaction with the corresponding alkaline hypohalite 
solution and an iodine atom from a solution of iodine in potassium 
iodidc.^“’ Relative yields obtained were bromo>iodo>chloro. In 
ammonia which removes the hydrogen iodide produced, reaction with 
iodine yields a substitution product as follows: 

H 2 C=CH— C^CII -I- I 2 -I- NHa H 2 C=CH— C=CI + NH 4 I 

1,4-Addition seems to occur with conjugated alkenynes. The first 
step in hydrogen chloride addition to but-l-en-3-yne is 1,4-addition. 
Although the final product is 2-chloro-l,3-butadienc, the 4-chloro-l,2- 
butadiene intermediate was isolated.^'*^ With excess hydrogen chloride, 
2,4-dichloro-2-but<'ne also forms. Cupric chloride, calcium chloride, and 
other salts seemed to increase greatly the rate of isomerization to the 
2-chloro-l,3-butadione. From aqueous hydrogen bromide reactions, 
only 2-bromo-l,3-butadienc and 2,4-dibromo-2-but{me were isolated.**® 
This reaction was much faster than the hydrogen chloride reaction, how'- 
ever, and it is highly probable that the true course was a 1,4-addition 
followed by rearrangement. 

Preparation of the Halogen Derivatives of Alkynes 

Alkynes react with halogen by both substitution and addition. The 
substitution reactions occur under limited conditions and produce ex- 
plosive compounds. Halogens, hydrogen halides, and acetyl halides are 
added to the triple bond. Haloalkenes from hydrogen halides and 
dihaloalkenes from halogens are isolated as the primary addition prod- 
ucts in some reactions while further halogenation occurs in others with 
formation of only dihaloalkanes and tetrahaloalkancs. Halogen addi- 

Jacobson and Carothers, J . Avu Chcvi, <Soc., 56, 4G07 (1933). 
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IC. A., 30, 1025 (1930)]. 

263 Vaughn and Niouwland, ./. Am. Chem. Soc., 64, 787 (1932). 

264 Vaughn and Nieuwdaiid, iTiiV/., 66 , 2150 (1933). 

2** Vaughn and Nieuwland, J. Chem. Soc., 741 (1933). 

2*® Vaughn and Nieuwland, J. Am. Chem. Soc., 66, 1207 (1934). 

2*^ Carothers, Berchet, and Collins, ibid., 64, 4066 (1932) ; Carothers and Berchet^ 
ibid., 66 , 2807 (1933). 

2*8 Carothers, Collins, and Kirby, ibid., 55, 786 (1933). 



46 


ORGANIC CHEMISTRY 


tion may be catalyzed by light, peroxides, metals, or metallic salts. 
The presence of peroxides has an effect similar to that observed with 
alkenes. Photohalogenations give evidence of chain reactions following 
courses similar to those postulated for alkanes and alkenes. 

Alkynes substitute halogen atoms upon reaction with alkahne hypo- 
halites. Iodine substitution may also be accomplished by use of iodine 
in liquid ammonia. An alkaline solution is necessary for substitution 
since addition occurs in acid solution with ultimate formation of a com- 
pound, RC — 011 X 2 .^“® The substitution reaction is carried out in an 

II 

0 

I 

ice bath in the absence of light and aii-.®®* I 

Addition of halogens to alkyru's in the pn'sence of light is similaJt to 
the photohalogonation of alkenes. In the alkyne redaction, the simple 
addition product, a dihaloalkene, may be isolated, but tetrahaloalkaiies 
form readily. Photochlorinations and photobrominations have been 
used to facilitate the study of chain mechanisms of reaction. A two- 
step reaction was postulated for the photochlorination of ethyne: 

HC^CH -I- CI 2 -> C1HC=CIIC1 
C1HC=CI1C1 + CI 2 ChllC— CIICI 2 

An induction period and inhibition by oxyg('n wore observed, and these 
effects indicate a chain reaction. High quantum yields d('note a chain 
reaction of considerable length in photobroniination. IMulk'r and Schu- 
macher found a yield of 4 X 10'* mol<‘Cules//ii; from reaction at 90°, 200 
mm. total pre.ssure.®®- The reaction theories invoh e bromim' atoms, fiee 
radicals, and chain bniaking by the disappearance of bromine at the 
wall. The proposed courses are: 

I. (1) Br 2 -\-hv = 2Br2« II. (1) Bra + ho = Br + Br®®® 

(2) Br -I- Bra = Brs (2) Br + C 2 H 2 = CallaBr 

(3) Brs -1- C 2 H 2 = CaHzBrs (3) CallaBr = Calla + Br 

(4) CaHaBra = CaHaBr -|- Bra (4) CallaBr + Bra = CaHaBra 4- Br 

(5) CaHaBr 4- Bra = CaHaBra 4- Br (5) Br 4- Wall = JaBra- 

(6) CaHaBr = CaHa 4- Br 

(7) Bra + Wall = ^aBra 

(70 CaHaBra 4- Wall = CaHa 4- ^Bra or CaHaBra 4- >pr 2 
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The halogens are added to alkynes in the presence of metals and 
metalUc salts. The reaction of chlorine and ethyne is explosive if not 
modified in some way, and metallic catalysts offer a suitable means of 
effecting such control. One succc^ssful method of modification involved 
the use of antimony pcntachloridt* in place of chlorine as halogcnating 
agent.^®^ The reaction using chlorine as halogen-containing agent may 
be modified by catalysts. Aluminum, iron, or an alloy of aluminum, 
silica, and iron was successfully used in the preparation of tetrachloro- 
ethane.“® 

In hydrogen bromide addition, the same effect of peroxide catalysis 
observed in the case of alkenes p(Tsists with alkynes. In the presence 
of peroxides, propyne added hydrogen bromides to form 1 ,2-dibromopro- 
pane, whereas under antioxidant conditions or without added peroxides 
the product was 2,2-dibromopropanc.‘-*®® 

Metals and mcitallic salts calalj'zc the addition of hydrogen halides 
to alkyn(\s. Addition of hydrogem chloride to ethyne in the gaseous 
phase seems to oc(!ur only in the presence of metallic chlorides.-®^ Bis- 
muth chloride and mercuric chloride ac(^elerate this reaction.^®’ ’ ^®® 
Tetrachloroethane was produced in good yii'ld when iron, iron oxides, 
or antimony pentacthloride was used.-®* Cupric chloride in combination 
with ammonium chloride has also l)cen used as catalyst but the results 
were comparativ(dy poor.'^'® 

Mercuric bromide, antimony bromide, or ferric bromide on asbestos, 
and f(Tric bromide or l)isniuth bromide on pumie(! were us(!d as catalysts 
in hydi’og(‘n bromide addition to ethyne. Ferric bromide on pumice 
and mercairic or antimony bromide on asbestos were; effective. Cupric 
chloride vuth ammonium chloride or the corresponding bromides also 
acted as catalj’sts.®'^ 


VH. NITRATION OF ALIPHATIC HYDROCARBONS 

Nitration of aliphatics during the past five years has emerged from 
the status of purely laboratory chemistry to become an industry of 
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national importance, providing new explosives, emulsifying agents, and 
solvents. Hass and co-workers opened this field when they demonstrated 
that the reaction of nitric acid with ethane, propane, the butanes, and 
the pentanes was clear cut and the nitration products were nitro- 
methanes, nitroethanes, and higher nitroparaffins. 

Of the aliphatic hydrocarbons the alkanes are the most difficult to 
nitrate. The lower alkanes presented the greatest problem, which has 
been solved by the use of vapor-phase nitration. In general the order 
of nitration is: primary < secondary < tertiary, although high tem- 
peratures increase the yield of primary at the expense of the secondary 
and tertiary. Superatmospheric pressure increases the rate of reaction. 
Mono- and dinitro compounds are the principal products from alkabes, 
and the mononitro compounds are best produced in vapor phase ^ith 
nitric acid. Either the nitric or nitrosulfuric acid liquid-phase reactions 
or the nitrogen tetroxide vapor-phase reaction produces a mixture of 
mono- and dinitro products. In the liquid phase the formation of the 
mononitro compound is promoted by the use of a dilute acid. 

Nitroso, nitro, nitrite, and nitrate groups add to alktmea in various 
combinations. The course of the reaction with nitrogen oxides seems 
to be affected by the relative polarities of the unsaturated carbon 
atoms. Substitution products have been found, but they may be formed 
by addition followed by the splitting out of a simple molecule. The 
mechanism of the reaction with alkenes is addition to the double bond 
of the two component parts of the reagent, either with or without sub- 
sequent oxidation. Complex alicyclic products containing nitrogen in 
the ring are formed from alkynes. 

Nitration of Alkanes 

Vapor Phase with Nitric Acid. In vapor-phase nitration of alkanes 
by nitric acid, a homogeneous gas-pha.se reaction occurs which is i)re- 
sumably of second order.^’^^ Oxidation is the chief reaction competing 
with nitration. 

Vapor-phase nitration has been utilized, especially for the lower 
alkanes, since those having fewer than five carbon atoms have critical 
temperatures below the temperatures at which sufficiently rapid nitra- 
tion occurs.2^^ Mononitroalkanes can be produced by vajjor-phase ni- 
tration practically to the exclusion of dinitro and more highly nitrated 
compounds by means of short contact time. In the nitration of pen- 
tane at 400°, all theoretically possible mononitro compounds which 

Hibshman, Pierson, and Hass, Jnd. Eng. Chem., 32 , 427 (1940). 

Hass, Hodge, and Vanderbilt, ibid., 28 . 339 (1936). 
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could result from fission of a C — or C — C bond were formed.^''® Al- 
though the presence of free radicals was not actually established, the 
data are highly indicative of a free-radical mechanism. 

Although the ease of replacement of a hydrogen atom by a nitro 
group follows the scheme: tertiary > secondary > primary, the ratio of 
the various nitro compounds formed can be partly controlled by tem- 
perature and pressure variations. As the temperature rises the yield of 
primary derivatives increases, and that of the secondary and tertiary 
decreases.^’^ The variation in yield may be due to a change in the rela- 
tive reaction rates of primary and secondary carbon atoms with in- 
creased temperature.^'^® The reaction may be less selective and the 
primary compoimd more stable at the higher temperature.^^® 

In all cases tried, McClcary and Degering foimd, besides the nitro 
products, all the alkenes predicted by the free-radical theory of Rice 
for thermal decomposition of alkanes.^''®’ The expected variation of 
the quantity of alkenes and nitro products with change in concentration 
of the nitric acid was likewise obtained.”® The mononitro compounds 
accounted for by a free-radical mechanism were found by other investi- 
gators.^'^® McClcary and Degering have suggested the following mecha- 
nism to account for all the products of vapor-phase nitration: 

RII -t- reactive fragment or oxidizing agent — ^ R + ? 

then 

R + IIONOa RNO 2 + HO 

and 

RH -t- HO R 4- H 2 O, etc. 

R — > olefin + R' (where R' is a free radical of lower molecular weight than R) 
R' + HONO 2 R'N02 + HO, etc. 

R' 4- RH R'H 4- R 

R'H 4-HO R' 4- H 2 O 

R 4- R' RR' 

The paraffin may also be oxidized to carbon dioxide and water or to 
some oxidized intermediate. 

Vapor Phase with Nitrogen Tetroxide. Vapor-phase nitrations have 
been carried out with nitrogen tetroxide on alkanes from methane to 
nonane, with the exception of ethane and butane. The optimum tem- 
perature was about 200°.^^® 

Hass and Patterson, ihid., 30 , 67 (1938). 

276 McClcary and DeRcring, ihid,^ 30 , 64 (1938). 
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278 Urbanski and Sion, 11^ Congr. Mondial Petrole, 2 , Sect, 2, Phys. Chem. raffinage 
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Liquid Phase with Nitric Acid and Nitric-Sulfuric Acid Mixtures. 

Nitration in the liquid phase, although unsuitable for lower homologs, 
has been apphed to alkanes of five or more carbon atoms using nitric 
acid or mixtures of nitric and sulfuric acids. Increased concentration 
of acid increases both oxidation and nitration and produces a relatively 
greater amount of di- and polynitro derivatives. More elevated tem- 
peratures and longer time factors produce higher yields of the dinitro 
product.^'^® Branched-chain compounds containing tertiary carbon 
atoms are more readily nitrated than the normal compounds, but a 
quaternary hydrocarbon compares with the normal scries in lack of re- 
activity to nitric acid.®*® ; 

A mixture of nitric and .sulfuric acids has frequently been useci for 
nitration. The sulfuric acid has beem regarded merely as an agenn to 
remove the water formed by the nitration rea(;tion. The action of ihe 
mixture, however, is quite different from that of i^ojKH'nti’abul nitric 
acid. Markovnikov obtained evidence that such a mixture contains 


^OII 


nitrosulfuric acid, S02<( , which is the active agent.®*‘ Volatile 

^ONOz 

alkanes have been distilled over nitric-sulfuric acid mixlures without 
undergoing much reaction, although higher-boiling normal alkaiK^s re- 
acted near their boiling points.®*®’ ®*® The acid mixture had little action 
on tertiary hydrocarbons a few degrees above zero in contrast to the 
action of nitric acid.®*® 

In liquid-phase as in vapor-phase nitration of the lower alkanes, the 
branched-chain alkanes arc; more reactive th:in the normal comi)ounds. 
Isopentane, isohexane, and i.sohe])lane with nitric acid produce trinitro 
compounds.®*^’ ®*® Alkaiu^s of the type II2CHCHR2 (where II is any 
normal alkyl group) react readily with fuming acid.®*® Higher tempijra- 
tures are nece.ssary whtjn a more dilute acid is used.®*®’ ®*® A .slight varia- 
tion in pressure has no (iffect.®^® Increased concentration of acid caus(!.s 
decreased production of tertiary derivatives and increa.sed production of 
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secondary and especially primary derivatives.^®^ The primary deriva- 
tive was practically the only nitro product formed in some cases from 
the concentrated nitric acid. 

The mechanism of nitration apparently involves removal of hydro- 
gen as an atom rather than as a proton or negative ion.^ The acceptor- 
donor inversion mechanism seems most plausible since it is supported 
by the greater substitutive reactivity of tertiary carbon atoms, the elec- 
tron repulsion of tertiary groups, and the absence of rearrangement. 

Catal3rtic Nitration of Alkanes. Alkanes react with nitric oxide at 
high temperatures in the presence; of a catalyst.^®* Methane reacted with 
nitric oxide in the presence of a catal 3 'st to give hydrocyanic acid.^®® The 
reaction began around 900°, and the yield increased with temperatixre. 

Nitration of Alkenes 

Nitric Acid. Concentrated or fuming nitric acid reacts with alkenes 
to form both nitration and oxidation products such as nitroalkanes, 
nitroalkenes, and uitro-nitric ('sters. Low temperatures and dilution 
with an inert solvent reduce secondary reactions by inhibiting oxidation 
and formation of nitrous r('agents.‘-®‘ 

Wieland postidaU'd a mechanism for the action of nitric acid on 
alkenes.®®-’ ®®® He a»ssunK‘d that it adds not as an c'lectrolyte, but as 
HO — NO 2 . The production of 2-meth3d-3-nit.ro-2-but('ne and the nitric 
ester of 2-methyl-3-nitro))utan-2-ol from 2-m(;thjd-2-but(;nc was evidence 
of the addition as HO — NO 2 . 

Other evidence' supporting the addition of nitric acid as HO — NO 2 
is the isolation of 2-nitroethau-l-ol as a reaction product from the pas- 
sage of ethene into fuming nitric, acid.®®^ 

C1L=CII2 CH»(0TI)CH2(N02) ^ CH2(N02)CH0 
CH2(N02)C02lI CTI3NO2 -> CII(X02)=N0H 
CH2(N02)2 C(N02)2=NOH CH(N02)3 

The work of Michael and Carlson, however, indicates that nitric acid 
adds as H — ONOo rather than as HO — N02.®®^ Nitration has been 
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accomplished indirectly in various cases by nitrous gases formed from 
oxidative side reactions. A mechanism involving addition of nitrogen 
tetroxide to the double bond as the first step has been offered to account 
for some of Wieland’s products. The formation of the nitric ester of 
2-nitroethan-l-ol from ethene, already cited, was accomplished by a 
mixtiu'e of nitric and sulfuric acids rather than by nitric acid.^®* The 
reactive agent in such a mixture, the mixed anhydride HOSO 2 ONO 2 
instead of nitric acid,®*® should lead to the formation of the sulfuric ester 
of 2-nitroethan-l-ol, and the nitro-nitric ester would result from the 
nitric ester radical replacement of the less negative sulfuric ester group. 

Nitrogen Oxides. Addition of nitrogen oxides is not always Ipre- 
dictable because of the ability of the oxide molecule to rupture at diiffer- 
ent points, and the capacity of the oxides to function as polymerising 
and oxidizing agents. Since nitroso, nitro, nitrite, and nitrate groiips 
may result from nitrogen oxides, a number of combinations is possible. 
The type of product appears to be partly determined by the relative 
polarities of the unsaturated carbons.®*® The addition of nitrogen oxides 
to alkenes is complex because of the diverse capacities in which these 
oxides can function. A prediction of the products might be expected by 
consideration of the relative polarities of tlu* unsaturated carbons and 
of the groups W'hich arise from the intramolecular scission of the oxide. 

The products identified from 2-methyl-2-butene and pure nitrogen 
tetroxide were the dimeric nitroso-nitric ester, the dinitro compound, 
and a nitroalkene.®*®' The course of the reaction depemds mostly on 
the polarities of the unsaturated carbon atoms and \'ery lit tic on the pro- 
portions in which the components are present in the eciuilibrium : 
2 NO 2 O 2 N— ONO. 

Alkenes of the formula RR'C=CHR" and RR'C=CR"R'" reacted 
readily to form nitrosyl chloride addition products, but those of the type 
RCH=CHR' reacted in this manner only with difficulty.®*® The t 5 '^pes 
having a hydrogen atom on one or more of the unsaturated carbons can 
form the oximes, RCHC1C(=N0H)R' or RR'CC1C(=N0H)R", by 
migration of a hydrogen atom. 

Catalytic Nitration of Alkenes. Nitric oxide reacts with ethene at 
high temperature in the presence of a catalyst to produce hydrocyanic 
acid, ammonia, and products of decomposition, oxidation, and polymer- 
ization.®*® A mixture of alumina and quartz was the most effective 
catalyst. Yields of hydrocyanic acid increase with the proportion of 
ethene in the mixture and with the reaction temperature to 1000®, at 

Michael and Carlson, J. Am, Chem, *Soc., 69 , 843 (1937). 
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which point both decomposition and polymerization of the ethene take 
place rapidly. The initial step in the production of hydrocyanic acid is 
probably the formation of ammonia by the reduction of nitric oxide. 
The ammonia then reacts on ethene or one of the unsaturated intermedi- 
ate products of the decomposition of ethene to produce hydrocyanic 
acid. 

Electrochemical Nitration of Alkenes. Alkenes can be nitrated 
electrolytically.^®* Electrolysis of acetone solutions of nitrates or nitric 
acid and ethene resulted in the addition of nitrate and condensation. 
Increase in current density favors ester formation since this increase 
causes higher concentration of nitrate. Ester formation is favored by 
anode material which gives a higher overvoltage and by dilution of the 
ethene with an inert gas. 


Nitration of Alkynes 

The nitration of ethyne yields complex nitrogenous compounds in 
addition to trinitromethane. Oxidation also takes place, and the prod- 
ucts undergo secondary reactions.^®® Fuming nitric acid and nitric- 
sulfuric acid mixtures are used as reagents. 

As catalysts, chloroplatinic acid and the nitrates of silver, uranium, 
and copper were ineffective in increasing the yi(;ld of trinitromethane, 
but mercuric nitrate was effect ive.'”’*® Chloroplatinic acid and silver and 
uranium nitraUis favorcid oxidation. 

McKie accounts for the i)roduction of trinitromethane by the follow- 
ing reaction : 

CH=CH CII(0H)=CH(N02) -> [011(011)2— CH(N02)2] 

-» CTI(N02)2— OHO -» CH(N 02 ) 2 — CO 2 H CH2(N02)2 + CO 2 

CIl2(N()2)2 C(N02)2=N0H CH(N02 )s 

The latter part of this mechanism may be instead: 

CH(N02)2— CO 2 II C(N 02 ) 3 — CO 2 H CH(N02)3 + CO 2 

Complex prodiu't/S from the j^assage of ethyne into cold fuming nitric 
acid have been identified and each contains one or more isoxazole nuclei. 
These products are a-isoxazolecarboxylic acid, a,^'-diisoxazolyl ketone, 

OJunaii, Z. Ekkirochem,, 42 , 862 (1936). 
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a-isoxazoleazotrinitromethanc, and a small quantity of a,a'-diisoxazolyl- 
furoxan.^®®’ 


CH CH 
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N c— coon 
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Ethyno reacts also with nitric oxide at high temperatures in; the 
presence of a catalyst to produce hydrocyanic acid. A slightly higher 
yield was obtained than from (dhene under the same conditions, but 
more polymerization products and formaldehyde were obtained. 


VIII. OXIDATION OF ALIPHATIC HYDROCARBONS 

The oxidation of aliphatic hydrocarbons has been widely studied 
in order to establish an adequate reaction meelianism. Four theories of 
oxidation reactions exist: hydroxylalion, peroxidation, aldehyde degra- 
dation, and activation of molecul(‘S. Chain propagation is agreed upon 
in all theories. Oxidation reactions are characterized by induction 
periods and are sensitized by the addition of intermediah^ oxidation 
products. An excess of oxygen has an inhibitory ('ffect on the oxidation 
of both saturated and unsaturated aliphatics. Alkane oxidations occur 
at lower temperature's than are necessary for alkene-oxygen reactions. 
Hydrocarbon-oxygen reaction rates an' increasc'd by incn'asing the pres- 
sure, although alkanes are more affe'cted by pressure changes than al- 
kenes. The rate of reaction increase's with length of the hyelrocarbon 
chain and is greater for straight-chain compounds than for branched- 
chain isomers. 

Both saturated and unsaturated aliphatics have been oxidized in the 
presence of nitrogen oxieles, metals, anel metallic oxide's. Partial oxida- 
tion of aliphatics has been carried out with such compe)unels as oze)ne, 
metallic oxides, acids, and hydroge'n peroxides Alke'iie and alkyne hy- 
drations have been carried out with acids, salts, and metallic oxide 
catalysts. 

Quilico and Freri, Gazz. chim. ilal., 60 , 172 (1930). 
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Oxidation of Alkanes 

The early theories of preferential oxidation of carbon or hydrogen 
have given place to the more complex hydroxylation and peroxidation 
theories. 

Thermal Oxidation of Alkanes. A study of molecular structure and 
its effect on thermal oxidation of alkam^s leads to the following generali- 
zations: (1) as the length of normal hydrocarbon chains is increased, 
less difficulty in oxidation is noted; (2) branching and condensation 
of the molecule increase the difficulty of oxidation.^®® 

T(jmperatures between 0° and 700° have been used in thermal reac- 
tions, but most of the work has been carried out in the range between 
200° and 500°. An increase of temperatures usually results in a shorter 
induction pesriod and a more rapid rate of oxidation Elevation 

of tempesrature to just below that at which cracking is ordinarily carried 
out causes rupture of molecules.^®® 

Pressure increases influesnces hyeirocarbe)ii oxidation in several 
ways:^^® (a) it increases freepiency of me)lecular collisions with subse- 
quent increase in re'actie)n rate; (5) it de^activates chain curriers; (c) it 
alters the electrostatic field, giving rise te) inducted or increased polarity; 
and (d) it directs a reac^tion so that lesss space is required. 

Alkane oxidations may be sensitizesd or inhibited by fe)reign gases 
and sediels and by Ihe addition e^f intermediate reaction products. In 
general, the induction period is shortened and the rate of the main ns- 
action increas(*d by addition of intermediaUs oxidation products, such 
as alcohols, ald('h 3 aies, and acids.^^^’ Oxides of carbon have 
little^ effect in most inslances.**^^® The influence', of hydrocarbon halides, 
hydrocarbons, and nitrogen diluents d(‘pends largely on other experi- 
mental conditions.^^'^’ Acceleration by diluents may 
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be attributed to prevention of chain breaking at the walls; inhibition 
may bo the result of chain breaking by collision with the diluent. 

An induction period is noted for all alkane oxidations, and it is, 
therefore, highly probable that a chain reaction occurs.-'*^*’ During 
the induction period, active centers arc formed, and the reaction chains 
are initiated from these centers.®^^ Monovalent radicals may be formed 
at the walls, and the rea(!tion is slower when the reactor is coated with 
material destroying or preventing radical formation.®'^® 

The hydroxylation theory of alkane-oxygen reactions postulates the 
formation of an alcohol as the primary skip in hydrocarbon oxidation.^-^ 
Hydroxylated molecules then react according to the following scheme 
shown for methane : 

Clli -k 0 CHgOH 
-f-0 

CH2(0H)2 ^ II 2 O + CH 2 O 

+ 0 

I1C=0 ^ II 2 O + CO 

I 

OH 
+ 0 

H0-C==0 ^ TT 2 O -f CO 2 


on 

The formation of the intermediate compounds, formaldehyde 
and formic acid, has also becin explained by th(; jx^roxidation theory of 
von Elbe and Lewis.*’® The initial prodxict, a peracid, d(!Compos(‘s at 
the surfaces to give monovalent radicals which carry on the reaction; 

IICO(OOH) HCOO + on 
on -h CH4 H2O -1- CH., 

CH., + 02^ HCHO + on 
OH + HCHO -> H2O + HCO 
HCO + O2 HO2 -f CO 
HO2 + HCHO H2O + CO + OH 
OH + Wall — > Deactivation 

322 Bone and Hill, ibid., 129A, 4S4 (1<W0). 
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Milas has accounted for the methane oxidation through the forma- 
tion of peroxides arising from activated molecules.®^ 

I Acth’^ation — > HsC:— >H 

HsCH 

^ Dissociation — > HsC* + H* 

HsC:— + 02—^ H3COOH (Methylhydropcroxide) 

4 

CH2O + H2O 

2H3C* +02—^ HaCOOCHs (Dimetliylperoxide) 

i 

CIIsOH + CH2O 

HsCOOH + HCHO H3COOCH2OH CHsOH + HCOOH 

i 

HCHO + HCOOII + H2 

A mechanism involving the formation of formaldehyde from free 
hydrocarbons has been suggested: 

CH4 + 0 -> CH2 + H2O 
CH2 + 02 -^ HCHO + O 

The formaldehyde is further oxidized to formic acid and subsequently 
to carbon dioxide and water. An unstable oxygenated molecule CH4O 
may possibly bo formed and decomposed into alcohol and aldehyde. 
This suggestion links the peroxidation and hydroxylation theories. 

Another theory based upon primary dehydrogenation indicates the 
following reactions : 

1. Primary dehydrogenation to unsaturated hydrocarbons. 

2. Combination of the unsaturated hydrocarbon with oxygen to 
form unstable peroxides. 

3. Decomposition of peroxides and oxidation of the products formed 
to carbon monoxide, carbon dioxide, and water. If large quantities of 
alkenes arc present, their formation may be due to stabilization of a by- 
product rather than to an initial reaction.®^® 

According to the theory of aldehyde degradation for higher alkanes, 
the initial oxidation product is an aldehyde with the same number of 
carbon atoms as the original alkane.®*® The aldehyde is further oxidized 
with the loss of one carbon atom. This process is repeated until prod- 
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nets are formed whi(!h are resistant to further oxidation or a tempera- 
ture is reached at which general decomposition of the molecule takes 
place. The point of initial oxidation is on the carbon at the end of the 
longest unbranched chain.*'’®- **'’ In the case of braneshed molecules, the 
reaction rate decreases when the branch is reached. The slower reaction 
rate results from the formation at the branch of a ketone, which is more 
resistant to oxidation than an aldehyde. Chain propagation of the re- 
action is common to all the theories discussed, i.e., hydroxylation, per- 
oxidation, activation of the molecules and formation of free radicals, 
and aldehyde degradation. 

Catalytic Oxidation of Alkanes. Alkane oxidation may be catajlyzed 
by nitrogen oxides and metals.*^®’ The pronounced effect of nitrogen 
peroxide is probably relatc-d to the ease with which the valence of mtro- 
gen may bc^ changed,®*® although initial combination of the hydrocarbon 
and nitrogt'u pc-roxide may occur.®**’ **^ In the case of methane, this'un- 
stable compl(!X would decompose; to formaldehyde; and a nitrogen oxkie. 
Methyl niti ite; has been used as a promoter in the oxidation of methane 
and ethane.**® 

Some metallic catalysts promote alkane oxidation so that equilibrium 
is reached almost instantly. Platinum, silve-r, e’e)pper, pallaelium, and 
manganese vanadate may be used satisfactorily under certain con- 
ditions.**®’ **^’ **® 

Use of Oxidants Other than Oxygen Gas. Metallic oxides may be- 
come oxygen donors in oxidation reactions with or without catalysts. 
Copper o.xide was found to be the; most ('ffective o.xidizing agent; oxides 
of iron, tin, zinc, and (’obalt were less effective.**®’ *^® The reaction of 
ethane with selenium oxide was slow and incomplete, resulting in the 
formation of glyoxal, acetic acid, and carbon dioxide.*^^ 

When (;atalysts were used with cupric oxid(; and methane, their effi- 
ciency in tlu; reaction occiured in the following ord(‘r: cujjrous chlo- 
ride,**®’ *^®’ *^* cobaltous oxide,**®’ *** manganese dioxide.*^® Ferric ox- 
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ceric oxide, chromic oxide, molybdic trioxide, and a uranium 
oxide, UaOg, were also used as catalysts in methane oxidations. Lead 
chromate *** as an oxidizing agent yields carbon monoxide from methane. 

Perchloric acid has been used with methane, ethane, and heptane. 
The resulting compounds were products of incomplete oxidation, and 
much carbon monoxide was formed.®^ 

Oxidation of Alkenes 

Oxidation reactions of the lower alkenes indicate that the hydroxy- 
lation and peroxidation theories for alkanes also apply to alktmes. 
Cyclic oxides form readily at points of unsaturation. Chain propagation 
of alkene oxidation is cvid(!nced by an indu(;tion period,®'*'’ the inhibitory 
effect of excess oxygen,®^® and the retardation du(! to increased surfaces. 
Uncatalyzed alcohol formation from alkenes is a reversible reaction in 
which the equilibrium is well over on the alkenc' sidc*.®^'' The rciac'tion is 
most favorable for ethene, and increasingly small yields are obtained as 
higher alkenes are used. 

Nitric oxid(' and metallic salts and oxid('S have been used to cata- 
lyze the oxidation of alkenes. Catalytic hydration of alkcmes produces 
alcohols, but ('quilibriuin conditions are, in general, unfavorable for this 
reaction. Ozone, hydrogen peroxide, selenium oxide, potassium per- 
manganate, and peracetic acid have also been used to oxidize alkenes. 
The point of initial oxidation with differimt oxidants varies with the 
structures of the alkenes. 

Thermal Oxidation of Alkenes. Thermal oxidation reactions of the 
1-alkenes in the vapor phase are less inlx'nse than those of th(i corre- 
sponding alkanes. Tlu’rmal decomposition occurred at high tempera- 
tures in tlu' presence of oxygen but at a much slower rate than oxida- 
tion.®^® At temperatures above 500° polymerization became a dominant 
factor even when diluents were used.®^® 

Ethene oxidations yield aldehydes and unsaturated alcohols previous 
to the formation of any oxides or peroxides,®®* although in one case 
ethene oxide ®*® was rcport('d as an initial product. Propene and iso- 
butene reacted nnich more rapidly vith oxygen than did ethene.®*® 
Oxidation of the heptenes indicates that the initial action of oxygen is on 
a non-terminal saturated carbon atom.®®® Oxidation of ?i-octene, except 
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for a higher reaction temperature, was similar to that of n-octane,®*® 
and indicated that the octene reaction began not at the point of un- 
saturation but at the opposite end of the molecule. 

The hydroxylation theory advanced for saturated hydrocarbons was 
also applied to alkencs: 
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According to the peroxidation theory, the primary reaction of ethene 
and oxygen yields a peroxide which reacts furtla^r with the alkenc to 
producer alkene oxides. I’he unstable oxide; decompos(!s to acetaldehyde, 
and complete oxidation of the aldehyde follows: 


CH2 

II + RO2 

CH2 



I CH 3 CHO 

-0 -h R O 


Oxidation of 2-butene indicated the probability of peroxidation as the 
primary reaction.®®^ If hydroxylation predominates, the following 
scheme explains the reaction: 

CH3CH=CHCH3 

CHs CH 3 CH 3 CH 3 CHa 

9=0 Rearrangen,ent ^011 Iq, COH IO 2 ^=0 

CH2 CH con Hcon c==o 

CH3 CH3 CH3 - C113 CH3 

Such ketone formation was not substantiated by experimental evidence. 
The acetaldehyde, butadiene, alkene oxide, acids, glyoxal, and water 
found in the 2-butenc oxidation products are, however, accounted for 
by a mechanism in which p(;roxidation is the primary reaction. 

Lucas, Prater, and Morris, ibid,, 67, 723 (1935). 
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Catal 3 d:ic Oxidation and Hydration of Alkenes. Oxidation of alkones 
to intonru'diate products has been carried out in the presence of cata- 
lysts. Addition of nitric oxide to ethene-oxygen reaction mixtures 
eliminated the induction period and shortened the reaction period.®^* 
Ether accelerated propene oxidation.®®® Cobaltous oleato, manganese 
vanadate, and vanadium pentoxides function as catalysts.®®®’ ®®^’ ®®® 
Catalytic hydration of the alkenes has not been entirely successful 
since most catalysts become effective only at temperatures high enough 
to displace the equilibrium towai’d the alkenes.®®® Cadmium metaphos- 
phatc was used in the hydration of ethene at atmospheric pnvssure.®®® 
Alumina and tungstic oxide catalysts were also used, and the products 
incsluded acetic acid and polymerization products.®®* 2-Butcne has been 
hydrated in the preseiu^e of cuprous chloride, thoria, and phosphoric 
acid.®®® 2-]Methyl-l -propene and 2-mcthyl-2-butene were hydrated in 
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the presence of potassium nitrate and nitric acid.®®®’ ®®^ Other acids were 
used with 2-inethyl-2-butcne, and the order of the catalytic influence of 
0.1 molar solutions was: dithionic> sulfuric > hydrochloric, hydrobro- 
mic > nitric*. > p-toluene-sulfonic > picric > oxalic, acetic. 

Use of Oxidants Other than Oxygen Gas. Ozone has been used to 
a limited extent in alkene oxidation. The ozone acts as an oxidant and 
also as a catalyst for the alkene-oxygen reaction. Mixtures of ethene 
and oxygen normally become explosive at temperatures ®®® above 500°, 
but, in the presence of ozone, explosive reactions occurred around 400°. 

Cis'-glycols, which have not been Avidcily investigated, arc formed by 
the reaction of alkenes and hydrogen peroxide in the prewemeo of jeata- 
lysts.®®® Inasmuch as hydrogen peroxide without a catalyst h^s no 
effect on an alkene double linkage, catalytic; action may consist of Wit- 
ting of hydrogen pca’oxide into hydroxyl radicals w’hich then add tri the 
double bond.®®^ O.smium tetroxide is a suitaljle catalyst.®*® Hydrdgcm 
peroxide with A’anadium pentoxide; or chromium trioxicle ])roduced the 
glycol from 2-niethyl-2-l>utc;ne. A pen ten e-hydrogen peroxide reaction 
OA’er ferrous sulfate yic'ldc'd acctcjne, ac;et aldehyde, formic acid, and 
carbem dioxide, but no glycols were dc'tc'c;t.c;d.®®® 

Selenium dioxide and ethene; rc*acted slightly at room temperature 
to produce the trirneric glyoxal.®^* The jiiopcne rc;action was similar 
to that of ethc'ne, but. highc'r alkenes reactc'd only at elevated tc'm- 
peratures and produc;ed mixture's too complc'x for analysis. 

Oxidation of alkenes with dilute potassium permanganate rc;sults in 
the addition of t,wo hydroxyl groups at the* point of unsaturation. Pro- 
longed oxidation or use of more concentratc'd acid causes complete 
oxidation to carbon dioxide and water. Whe-n higher alkenes are oxi- 
dized with potassium permanganate, scission occurs at the* double bond, 
producing tAA’o acids. This rc'action is used as a test fcjr the point of 
unsaturation of alkenes. 

Oxidation of Alkynes 

Very little work has been done; on the oxidation of alkynes, and 
practically none on the homologs above c'thyne. The ethyne-oxygen 
reaction givc'S glyoxal, formaldehyde, formic acid, hydrogen, and the 
monoxide and dioxide of carbon,®®*’ ®®’ and is apparently chain-propa- 

Lucas aiul Kberz, J, Am. Chrm. Soc.^ 56 , 400 (1934;. 

Lucas and Liu, ibid., 66, 2138 (1934). 

Spence and Taylor, ilnd.f 52 , 2399 (1930). 

383 jviilas and Sussrnan, ibid., 69, 2345 (1937). 

Milas, ibid., 69 , 2342 (1937). 

Milas and Sussrnan, ibid., 68, 1302 (1936). 

Barkhash, J. Gen. Chem. (XI.S.SJL), 6 , 264 (1935) [C. A., 29 , 6007 (1935)]. 

Spence and Kistiaknwsky, J . Am. Chem. Soc., 52 , 4837 (1930). 
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gated since an induction period and inhibition by an excess of oxy- 
gen were noted.^®^ At high pressures, increased surface-volume ratio 
lowered the reaction rate; at low pressures, similar surface changes had 
a slight accelerating influence. Nitrogen dilution of the ethyne- 
oxygen mixture had a slight retarding effect. Glyoxal and formaldehyde 
cannot be important chain carriers since the former had little influence 
on ethyrie oxidation and the latter had an inhibitory effect.^^® 

Ethyne has l^een oxidized in the presence of nitrogen oxides and a 
few mc'.tals. Nitrogen peroxide appreciably lowered the reaction tem- 
perature of ethyne^ and oxygen,^^^ and the principal product was gly- 
oxal. Copper, silver, gold, nickel, iron, and platinum were also used 
as catalysts for the compk^te oxidation of ethync^^^’^® 

Potassium permanganates was used to oxidize ethyne, 2-i)entyne, and 
3,3-dimethyl-l-butyne to acids.'*^'^^ In these reactions it is probable that 
any primary addition product immediately splits at the point of unsatu- 
ration. Selenium dioxide was used to oxidize 1-heptyne and 1-octyne.^'^® 
The initial reaction was the substitution of a hydroxyl radical on the 
carl)on atom adja.cent to the imsat.urated carbon. Ethyne and oxygen 
saturated with water vapor and illuminated by a mercury arc produced 
oxalic acid and an aldehyde.**^^^ 

Th(^ theori(\s of j)eroxidation, hydroxylation, and bond activation, 
which weie offere'd for th(^ more saturated hydrocarbons, may also 
be applic'd to the alkyiu's.’'^'^"’ 

Low-t('mperatur(^ oxidations have been (^arric'd out on mixtures of 
aliphatic hydrocarbons such as gasolines and lubricating oils, and this 
r(‘[iction is rc\sponsible for gum formation. Since then^ has been little 
attempt to carry out these reactions on pure hydrocarbons, these are 
omitted from this study. 

•"6» Kistiukowsky and T.onhor, 62, ,S7S5 (1930). 

Spence, J. Cficin. G8G (1932). 

Stcacie aiid McDonald, ./. Chem. Phys., 4, 75 (1930). 

LenluT, J. Am. Chvm. Soc., 53, 29G2 (1931). 

■7“ Lcnhcr, ibid., 63, 3737 (1931). 

Davies, PhiJ. 23, 409 (1937). 

•«74 ivrostinsky and Kolbowskaja, Bvr., 68, 512 (1935). 

Guilionionat, Compl. rend., 201, 904 (1935). 

Tdvin^;ston, ./. Am. Chem. Soc., 63, 3909 (1931). 

Bone, Proc. Roy. Soc. {London). 162A, 502 (1937). 

Bodeiistein, Z, j^hysilc. Chon., 12B, 151 (1931). 
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INTRODUCTION 

Carbocyclic compounds arc classified on the basis of their behavior 
as aromatic or alicyclic.* With the exci^ption of cyclopropane (generally 
regarded as the first member of the cycloalkane series) and its derivatives, 
the alicyclic compounds possess chemical properties very similar to those 
of the aliphatic series. It follows that in most instances our knowledge 
of aliphatic compounds can be transfeiTcd to tlu^ members of the alic3tclic 
group. On this account, the chemistry of alicyclic compounds W of 
interest primarily because of stereochemical properties inherent in the 
ring form as opposed to open-chain structures. The chemical manifes- 
tations of space factors in this field are most pronounced in connection 
with reactions which involve the opening and closing of rings, and in the 
alteration of properties of functional groups which are a part of the ring 
or are directly attached to it. 

Cyclohexane and its derivatives can be made by the addition of 
hydrogen to the corresponding aromatic compouneis, and, for this reason, 
they have been called hydroaromatic compounds. It is possible; to prepare 
aromatic compounds also by dehydrogenation eif the corresiionding 
cyclohexane derivatives. However, this redalionship of the cyclohexane 
group to the aromatic scries is almost entirely a genetic one; the two 
classes differ radically in their chemical properties. 

This close connection between aromatic and alicyclic compounds is 
undoubtedly responsible for the fact that, of tin; latter group, tin; six- 
membered type was the first to be prepared. Indeed, until about 1880 
it was generally supposed that rings smaller or larger than this could 
not exist.^ All attempts to synthesize such rings had been fruitless, and 
they had not been found in nature. Moreover, there were theoretical 
grounds for this opinion, for it was evident that the smaller rings, at 
least, could not be made from carbon atoms having the rigid tetrahedral 
form which had been used so succe.S8fully in solving other structural 
problems. If the four bonds of a carbon atom are directed toward the 
vertices of a regular tetrahedron each forms an angle of 109° 28' with 
the others. As a matter of fact, it is impossible, by use of such atoms, to 

♦ The term alicyclic: was suggested by Bamberger, Ber., 22 , 769 (1889). 

1 Meyer, Ann., 180 , 192 (1876). 
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construct any ring of fewer than five members. The following table 
shows the angles which are required for the formation of the smaller 
rings, together with the deviation in each case of the valence bond from 
the normal position in the regular tetrahedron. 


Hydrocarbon 

Formula 

i 

Angle 

Deviation 

Ethylene ((yolocthane) 

CU 2 =CIl 2 

0 ° 

54 ° 44 ' 

Cyclopropane 

CII,— CHj 

60 

24 ° 44 ' 

Cyclohutane 

CH-i— CH, 

Clio— iuj 

90 

9 ° 44 ' 

Cyelopeiitane 

CH.,— CU,. 

1 Vib 

CH 2 — CH/ 

108 

0 

0 


Bet, ween 1880 and 188r), howc'vor, came a raj)id succession of events 
which revolutionized chemists’ ideas of ring compounds and laid the 
foundations of modern alicyclic chemistry. The first of th(>se was the 
discovery of Markownikoff and Kn^stovnukoff that /S-chlorojjropionic 
acid, when heak'd with dry sodium ethoxidc', was converted into a com- 
pound containing a ring of four carbon atoms — 1,3-cyclobutanedicar- 
boxylic acid.' 


CII2-CTI2CO2II 

I 

Cl Cl 

I 

HO2CCTI2— CTI2 


CIT2— CIICO2H 

I I 

HOjCCH— CII2 


j8-Chl oroj >r( tpi unic 
tieid 


1,3-Cyflobui:inedicarboxylic 

acid 


Almost immediately after this Freund ^ succeeded in making cyclo- 
I)ropanc — a hydrocarbon containing a threevmembered ring — by the 
action of sodium on ti’imeth 3 dcno bromide. 


^ClLiBr ^CH2 

CH2 -t- 2 Na -> CH2 i + 2 NaBr 
\cH 2 Br N::h2 

Trimethylene bromide Cyclopropane 

A little later Perkin ^ found that ethyl malonate condenses with tri- 
methylene bromide in the presence of sodium ethoxide to give ethyl 
1,1-cyclobutanedicarboxylate. 

^Markownikoff and Krestownikoff, Ann.^ 208, 333 (1881). 

® Freund, Monat^h., 3, 626 (1H82). 
n^erkin, Bcr., 16, 1793 (1883). 
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yCBiBr ^COaCiHs ^COjCzHs 

CHj + CH 2 CH 2 C 

^CH2Br \::02C2H5 ^CH2^ \)02C2H5 

Ethyl 1 , 1 -cyelobiitane- 
dicarboxylate 


These results established the existence of three- and four-membered 
carbon rings and demanded drastic revision of the current opinions 
regarding the stereochemical character of the carbon atom. 

Baeyer’s Strain Theory. An ingenious and very plausible solution 
to the problem was advanced by Baeyer/ who assumed that the normal 
angle between the valence bonds of carbon was 109° 28', but that •k was 
possible for this angle to be altered. Any deviation from this angle, how- 
ever, was supposed to bring about a condition of strain which, according 
to the theory, was attended by a corresponding decrease in stability. 
The greater the strain involved, the less would be the stability of the 
resulting compound. 

Striking confirmation of this theory was obtained almost at once by 
Perkin,® who succeeded in preparing a compound containing the cyclo- 
pentane ring. By condensation of two molecuk^s of malonic ester with 
one of trimcthylene bromide, he obtained a tetracarbethoxypentanc 
whose sodium derivative, when treated with iodine, gave ethyl 1, 1,2,2- 
oyclopentanctetracarboxylate. 


^CH2Br CIl2(C02C2H5)2 
CH 2 -b 

^CH2Br CH2(C02C2 Hb)2 


NaOCalls 


/CII2— CH(C02C2H6)2 


> CII 2 


^CHa— CH(C()2C2ll5)2 


/CH 2 — C(C02C2H5)2 /C1I2-C(C02C2Hb)2 


CH 2 


Na 

Na 


- — >■ CH2 


^CH2— C(C02C2H5)2 '^CH2— C(C02C2H5)2 


Hydrolysis of the ester gave an acid which, when heated, lost carbon 
dioxide and yielded 1,2-cyclopentanedicarboxylic acid. 


CH2 


yC02H 

O 2 H 


CH 2 


/CO2H 
CH 2 — C< 

XIO2H 


‘Baeyer, Ber., 18 , 2277 (1885). 
“Perkin, Ber., 18 , 3246 (1885). 


-2CO2 


/CH 2 — CIICO 2 H 
CH 2 

^CH 2 — CHCO 2 H 
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It should be pointed out that, according to Baeyer’s theory, the 
cyclopropane ring, since it possessed greater strain, should be less stable 
than the cyclobutane ring, and that, in turn, the latter should be less 
stable than the cyclopentane ring. The 1 ,2-cyclopen tanedicarboxylic 
acid was, indeed, found to be extremely stable, and so completely ful- 
filled the predictions of the theory. 

It may be said at once that, for hydrocarbons having rings smal- 
ler than that of cyclohexane, the theory of Baeyer is in fairly 
satisfactory agreement with the facts which are known at the present 
time, although the physical nature of the strain is not yet fully 
understood. 

Strainless Rings. An integral part of Baeyer’s strain theory was 
that the carbon atoms of the ring must lie in a plane, and, on this basis, 
he predicted that the formation of largo rings would involve negative 
strain. From an inspection of the following figures, it is evident that, 
in cyclohexane and compounds containing large rings, the planar con- 
figuration required that the angle formed by the valence bonds be some- 
what greater than normal, and that the amount of this stretching is 
greater in proportion to the size of the ring. 



Cyclohexane Cycloheptane Cyclooctane 


This postulate was supposed to account for the fact that rings of more 
than six members had not been made or discovered in nature, and were 
presumably very unstable. Moreover, it implied that very large rings 
would be incapable of existence. 

This part of Baeyer’s theory has proved to be misleading if not en- 
tirely erroneous. Sach.se ’ was the first to perceive that the so-called 
negative strain need not exist and that the large rings might, in fact, be 
strainless. This idea was disregarded by chemists for nearly thirty 
years, but was eventually revived and elaborated by Mohr,® and within 
recent years has been almost fully confirmed by experiment. The idea 
of Sachse may be illustrated by reference to models. When, by the use 
of tetrahedral atoms, models are constructed for rings containing more 
than five members it is found that the atoms forming the ring do not lie 

’ Sachse, Bcr., 23 , 1363 (1890) ; Z. physik. Chem., 10 , 203 (1892). 

« Mohr, J. prakt. Chem., [2] 98 , 349 (1918) ; 103 , 316 (1922). 
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in a plane as they do with smaller rings. For example, six tetrahedral 
atoms may be united as shoAvn in Fig. 1 or 3. 




Pig. 2 


Fig. 3 


These models differ from the planar one shown in Fig. 2 in that they can 
be constructed without distortion of the tetrahedral form of the atoms 
involved. For the atoms to b(', in a plane as in Fig. 2 it is necessary, as 
noted earlier, to introduce “negative” strain ; i.e., increase the angle, be- 
tween the annular bonds to valiuis grcab'r than th(^ normal. 

Since stable rings which contain mon; than thirty members are now 
known there is no necessity for assuming a planar foi-m for any ring of 
more than five members. As will appear in the scqiu'l, this theory has 
b(^en confirmed by the work of Ruzicka, Hiickel, Ziegler, and others. 
Rings of this type are known as slrainlcsH rings. The compounds con- 
taining very large carbon rings have been made in a variety of ways and 
have been found to possess stabilities comi^arabk; with those of the corre- 
sponding open-chain compounds. It should be mentioiuid, however, 
that there is evidence that some strain persists even in the comj)ounds 
containing very large rings.® 

The Occurrence of Alicyclic Compounds in Nature. Rings of the 
alicyclic type abound in natural products. Most of these consist of five 
or six members. Thus the nonbenzenoid cyclic hydrocarbons obtained 
from petroleum — generally known as naphthenes — as well as naphthenic 
acids are chiefly derivatives of cyclopentane and cyclohexane. 

The most important group of naturally occurring alicyclic compounds 
is formed by the terpenes and their derivatives. These occur in essential 
oils, particularly those from citrus fruits; they arc also found in oil of 
turpentine and similar materials made from coniferous trec^s. They 
embody rings of all sizes up to and including the cyclohexane ring, which 
is the one most frequently encountered. A glimpse of this vast field is 
afforded by a list of the skeletal structures of the principal types. 

The most important monocyclic compounds in this group are deriva- 
tives of p-menthane. Limonene and menthol are examples: 

* Carothers and Hill, Am. Chem. Soc., 56, 5043 (1933). 

V. Braun, et al., Ann., 490, 100 (1931). 
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CHs 

1 

CHa 

CHs 



1 

/CH\ 

CH2 CH2 

CH CH2 

CH2 CII2 

1 1 

CH2 CH2 

1 1 

CH2 CH2 

j j 

CH2 CHOH 

\ch/ 



1 

/CH\ 

j 

/S 

1 

/CH\ 

CHs CHs 

CH3 CH2 

CH3 CHs 

l^'Meuthane 

Limonene 

Menthol 

The bi cyclic compounds which have the cyclopropane ring are deriva- 

tives of thujane and carane. Sabinenc and thujone arc among the thu- 
jane dc^rivatives which occur naturally. 

CHs 

CH2 

II 

CHs 

1 

/CH\ 

II 

^C\ 


HC, CH2 

ll\ 1 

H2C \ CH2 

HC, CH2 

1 \ 1 

HC, CO 

1 \ 1 

II2C \ CH2 

H2C \ CHa 




j 

/CH\ 

j 

/CH\ 

j 

/CH\ 

CHs CH3 

CH3 CH3 

CH3 CHs 


Thu jane Sabincne Tliujone 



The pinane derivatives, such as a-pinene and myrtenal, contain a 
four-membered ring in addition to the usual six-membered ring. 
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HCv CH3 CHj 

\c-cH3 ! 


HC\ CH3 CH 

\l 

^C-CH3 


HCv CH3 CH 
\c-CH3 


a-Pineiie 


Myrtcnal 


Camphor belongs to the camphane series, the members of which (have 
a structure made up of two condensed five-membered rings. The isofcam- 
phanc, fenchane, and isobornylane groups are similarly constituted.'^ 

CII3 CH3 ' 


CH2 C CH2 

I 

CIT3-C— CHs 
CH2 CH CII2 

Camphane 


CHs 

I 

CH2 C— CO 

I 

CHs- C— CHs 

I 

CH2 CII CH 

Camphor 


CIl2— CII— c< 



1 

CH2 

C1I2 ( 

DH2— CH-( 


iBocamplianc 



/CIIs 


CH2— CH-C< 


CH2 -CH CH: 

1 

“^CHs 

1 

CHs 

1 


CHs— C— CHs 

i 


CHs— C— CHs 


CHs 

Fenchane 


CII2 CH CHCH3 


Isobornylane 


An inspection of the foregoing structures reveals the striking fact 
that each is made up of two isoprem^ units, as is shown by the following 
diagram: 

C C 

I I 

C C C /C\ 


c— c— c 
c c 


c— c— c— c 
I 

c 


Carbon skeleton 
of camphor 


Carbon skeleton 
of oarone 


Carbon skeleton 
of isoprene 
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The structural unit represented by isoprene is also to be found in open- 
chain terpenes and sesquiterpenes. 

Complex alicyclic ring systems also appear in many of the more com- 
plicated structures which have been found in nature. Among these are 
the higher terpene compounds, the sex hormones, the sterols, the bile 
acids, the resin acids, the sapogenins, and certain alkaloids. 

The elucidation of the structures of such natural products and the 
synthesis of their analogs has always been one of the most attractive and 
useful occupations of organic chemists, and, from the preceding section, 
it is evident that much of the work in this field has been concerned with 
the synthesis of alicyclic rings. Fortunately, the six-membered ring, 
which is by far the one most frequently encountered, can be made by 
hydrogenation of the benzene ring. For the preparation of rings of other 
sizes the chemist has used three types of methods, namely, ring closures, 
ring expansions, and ring contractions. 

THE SYNTHESIS OF ALICYCLIC COMPOUNDS FROM 
AROMATIC COMPOUNDS 

The transformation of benzenoid compounds into the corresponding 
cyclohexane denivatives by hydrogenation is a very general method 
which is frequently used. The preparatiem of cyclohexane by hydro- 
ge-nation of benzenes ove'r nickel at 180-200° was first accomplished by 
Sabatier and Senderens.^ Naphthalene, under similar conditions, yields 
tetrahydronaphthaleue (tetralin), and at higher temperatures and pres- 
sures decahydronaphthalene (decalin) is produced. 

The partially hydrogenated rings are very reactive, and in the pres- 
ence of hydrogen acceptors tend to revert to the benzenoid condition by 
loss of hydrogen. In fact, di.sproportionation is frequently observed. 
Thus, Zelinsky and Pavlov showed that, in the presence of palla- 
dium or platinum, and at temperatures somewhat above their boiling 
points, both cycloh(!xene and cyclohexadiene are irreversibly converted 
into mixtnres of benzene and cyclohexane. 

Some aromatic compounds, such as benzoic and phthalic acids, can 
be reduced by means of sodium and alcohol, but the method does not 
always give good yields. 

Various types of catalysts have been used in the hydrogenation 
(p. 817) of benzene. Sabatier and Senderens discovered that nickel was 
a catalyst for the hydrogenation of various aromatic compounds in the 

Sabatier and Senderens, Compt. rend,, 132 , 210 (1901). 

12 Zelinsky. Ber„ 68B. 864 (1925). 

Zelinsky and Pavlov, Ber,, 66B, 1420 (1933). 
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vapor phase. This method has not been particularly useful in the labora- 
tory. The method of Ipatieff for hydrogenation of compounds in the 
liquid phase at high pressures has led to the development of the present 
practice which involves improved nickel catalysts and pressures from 
50 to 200 atmospheres at temperatures from 100 to 200°. By this method 
it is possible to hydrogenate almost any aromatic compound. For reduc- 
tion at ordinary temperatures and pressures platinum black (Willstatter), 
colloidal platinum (Skita), and platinum oxide-platinum black (Adams) 
have been used. 


THE SYNTHESIS OF ALICYCLIC COMPOUNDS BY MEANS j 
OF RING CLOSURES ' 

Almost every type of reaction involving the formation of a carbon- 
carbon bond has been used successfully in the synthesis of alicyclic com- 
pounds from open-chain compounds. The probability that a given type 
of intermolecular condensation reaction can be made to take place intra- 
molecularly depends largely upon the size of the ring which would result. 
Other factors, however, such as the number and kind of substituents pres- 
ent, are often of great importance. The old vi(>w, that, the c'ase of ring 
closure was a measure of the strain of th(! resulting ring system, has now 
been generally abandoned. It has become evid('nt that stc'ric factors 
other than ring tension play an important part in determining the tend- 
ency of a given ring clo.sure to take place. 

Of the numerous methods of ring closure to be found in the literature, 
the following are among t hose which have proved to be most useful and 
most interesting from a theoreti«al point of view. 

The Freund Reaction. The coupling together of two alkyl residues 
by the action of metals such as sodium or zinc on halogen compounds 
has been widely used; yields of 50 per cent or better are obtained 
in many instances. A similar condensation occurs when polymethylene 
hahdes react with a metal. 


^CHaX 


/ 


CII2 


(CH2)„ -F Zn (CH2)„ 

\2H2X 


ZnX2 


■CH 2 


This method has been used to prepare rings of three, four, five, and six 
members, but gives good yields only in the cyclopropane series. Cyclo- 
butane itself and cycloheptane have not been prepared in this way. The 
synthesis of cyclopropane and its homologs is usually carried out by 
treatment of the bromide with zinc in alcohol; the yields are sometimes 

Adams and Marshall, J. Am. Chan, Soc., 60 , 1970 (1928). 
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as high as 68 per cent of the theoretical amount.*® A method has been 
developed for making the hydrocarbon by the interaction of 1,3-dichloro- 
propane and zinc in the presence of sodium iodide.'® This type of reac- 
tion illustrates the close similarity of the chemistry of the cyclopropanes 
to that of the olefins (cycloethanes). 

E 

I 

/CHBr 

CH 2 < + Zn 
^CHBr 

I 

R 

R— CHBr RCH 

I -|- Zn — * II -f- ZnBrz 

R— CHBr RCH 

From the standpoint of the strain theory, it is interesting to note that 
the formation of the olefin takes place more easily than that of the three- 
membered ring which, in turn, forms more readily than the cyclobutanc 
ring — a result which is exactly opposite to that predicted by the original 
theory of Baeyer. 

Condensations of Unsaturated Compounds. The tendency of ole- 
finic and acetylenic compounds to polymerize frequently leads to the 
formation of alicyclic rings. Thus, cinnamic acid under the influence of 
sunlight is slowly transformed into truxillic and truxinic acids. 

C6ll5CH=CHC02lI CeHjCH— CHCO 2 H CcHbCII— CHCO 2 H 

— > I I and I I 

C6HbCII=CHC 02H CeHoCH— CHCO 2 H HO 2 CCH— CHCcHb 

Cinnamic acid Truxinic acid Truxillic acid 

Self-addition of this type does not occur with the simpk^st olefins, but is 
frequently realized with those of higher molecular weight. Such proc- 
es.ses can generally be reversed by heating. It has been shown that 
divinylacetylcne undergoes this type of reaction.'* 

CH2==CH— CsC-CH=CH2 8o» CH2=CH-C=C-CH— CH 2 

I I 

CH2=CH-c^c-cn=cn2 ch2==ch-c^c-ch-ch2 

Cyclization of an olefinic compound to a cyclohexane derivative has 
also been observed. When heated in the presence of methanol and 

Lespieau and Wakeman, Bull. soc. chtm., 51, 384 (1932). 

Hass, MoBee, Hinds, and Gluesenkamp, lud. Eng. Chem., 28, 1178 (1936). 

Cupery and Carothers, J. Am Chem. Soc.t 56, 1167 (1934). 


R 

I 

/CH 

CH 2 <' I + ZnBr 2 

N:h 

I 

R 
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potassium carbonate, vinyl mesityl ketone trimerizes to 1,3,5-trimesi 


toylcy clohexane. 



^CH2 


^CH 2 v^ 

CbHuCOCH 

CHCOCsHu 

CbHuCOCH CHCOCsHu 


II 

— 1 1 

CH 2 

CH 2 

CH 2 CH 2 

^CHCOCgHii 


\ / 
CHCOC 9 H 11 


The Diene S3mthesis. 1,3-Butadiene and similarly constituted di- 
enes have been found to condense with a variety of unsaturated alde- 
hydes, ketones, esters, quinones, and the like to give six-membcked 
rings.^® The reaction was discovered by Diels and Alder and is gener- 
ally referred to as the Dicls-Alder or diene synthesis. It may be illus- 
trated by 1,3-butadiene and acrolein which combine to give a tetrahydib- 
benzaldehyde. 

^CIl2 

CH CHCHO CH CHCHO 

I +11 - 11 1 

CH CH 2 CH CH 2 

^CH2 '^CHa 

1,3-Butadiene Acrolein 

In place of the acrolein it is pos.siblc to use quinone, maleic anhydride, 
and a large number of other a,( 8 -unsaturatod carbonyl compounds. 
Derivatives of cyanoacctic and acetoacetic esters of the following types 
may be included : 

^CN ^COCHs 

RCH=C RCH=C 

\cO2C2HB '\cO2C2H8 

However, the synthesis is not restricted to a,/3-unsaturated carbonyl 
compounds. It has been extended also to styrene, vinyl chloride, vinyl 
acetate, and allyl chloride. 

Isoprene, 2,3-dimethyl-l,3-butadicne, cyclopentadicne, furan, and 
numerous other substances containing the conjugated diene structure 
undergo this type of condensation. So general is the reaction, in fact, 
that it can be used as a test for the presence of a conjugated olefinic 
linkage in a molecule. The reaction invariably leads to the formation of 

Fuson and McKeever, ibid,, 62 , 2088 (1940). 

Diels and Alder, Fortschr. Chem. Org, Naturstoffe^ 3, 1 (1939). 

20 Diels and Alder, Ann,, 460 , 98 (1928). 
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a six-membered 
equation. 


ring. It may be represented by the following generalized 




\/ 

/Cx 


C< 


-c 


/\ 


c< 


R 


If the diene forms part of a ring the product will be a bicyclic com- 
pound. An example is the condensation of vinyl acetate with cyclopen- 
tadicne; the product is the acetate of a bicyclic alcohol, which can be 
converted to iiorcamphor.^* 


^CH 
CH 

'CH2 

ClI / 
^CII 

Cy cl open tadiene 

/CHx 


CH2! 


CH2 


I 0112 

CH2I 

w 


CHOCCII3 


CII2 

II 

CIIOCCH3 




o 


CH 


CH2 


CH2 




0 Ha 


on CIIOCCH3 

\ch/ 




0 


CH2 


HjO 


CH2 


CU2I 


CII2 

I 

CIIOH 


(O) 




CH2I Oils 
I CII2 I 
CII2I CO 

\ch/ 

Norcamphor 


Intramolecular condensation may also lead to ring formation. A 
very interesting example of this is the transformation of di-(i(3-bromo- 
allyl)-maloiiic ester irit^o m-toluic acid. The condensation is effected by 
use of alcoholic potash and presumably involves the formation of a 
diallene as an intermediate. 


CIl2=CBrCH2N^ ^C02R 
C 

CH2=CBrCH2^ ^C02R 

Di-C^-bromoallyl)- 
maluuic ester 


CH2 =C=CHn^ 

C 

CH2==C=CH/^ ^COzH 


CHs— C=CH 

/ \ 

HC C- 

^C— C^ 


-CO2H 


Alder and Rickert, Aim., 543, 1 (1940). 


H H 

m-Toluic acid 
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The formation of dihydro-o-toluic aldehyde from a, 7 ,«-octatrienal is 
another remarkable example of intramolecular addition.*® 


CHO 


CH, 


CII.-,— CH 


\ 


CH 


CH CH 


CHO 


H 


\ _ 


CHj^ 


/CH^ 


CH 

^CIP 


CH 

II 

CH 


Pyrolysis of Salts of Dibasic Acids. The general method of pi^epar- 
ing ketones by heating the salts of the appropriale acids was early ahplicid 
to the synthesis of cycloalkanones. The first of these to be prepare^ was 
mberone; it was first made by Boussingault *** in 1830 by distillation of 
calcium suberate, but its structure was not definitely established Until 


yC02~ 

CH2)o 

^C02^ 

Calcium suberate 



(CH2)., c=o 



Cyeloheptanone 


1893 — eight years after the publication of Baeyer’s strain theory — wlu'n 
Wislicenus and Mager showed that it was a seven-membered cyclic 
ketone, cyeloheptanone. 

This method of preparing cycloalkanones is very geiKiral, but can- 
not be used in the case of three-mt;mbered rings. When calcium succinat e 
is distilled cyclopropanone is not obtained; tlu'ie is formed, howevc^r, a 
small amount of a six-membered cyclic diketone, 1,4-cyclohexanedionc. 

^C02^- 

CH2 CHj CHs 

2| ->1 I 

CH2 CH2 CH2 

1,4-Cyclohexunedioiie 

This is one of many instances of the preferential formation of a six- 
membered ring where the closure of a three-memben^d ring is desired. 
Calcium glutaratc is even more interesting, for here one would expect to 
get a four- or an eight-membered ring, neither of which forms readily. 

Bernhauer and Ncubauer, Biochem. Z., 251, 173 (1932). 

Boussingault, Ann. Chem. Pharm.^ 19, 308 (1836). 

Wislicenus and Mager, Ann., 276, 357 (1893). 
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Jn conformity with this, no cyclization whatever is observed. A very 
special instance of the closure of the four-menibered ring by this method 
has been reported by Stark, who obtained “dcmethylated pinone” by 
heating the calcium salt of hexahydroisophthalic acid.^® 


CH2 c— CO2H CH2 ..--cn 

I I I CO I 

CH2 CH2 CH2 1 CH2 



II 


In place of the calcium salt, others, such as the barium, cerium, 
yttrium, and thorium compounds, have likewise bexm subjected to 
thermal decomi)osition. Ruzicka and Brugger have shown that the 
thorium salts often give much better yields than the calcium salts. Using 
this method, Ruzicka, Stoll, and Schinz have y^rc'parcd cycloalkanones 
having very large rings.'-® Cycloalkanc'diones are also obtained. 

^COoTI 

(CH2)„ (CH2)„=C0. (CII2),. (Cll2)n 

^COsII 


The largest ring so far reported is a e3^cloalkan(Hlione of thirty-four mem- 
bers. These compounds will be described in moi’e detail in a subsequent 
section. 

d'he mechanism of this reaction is inherently ol^scure. It is known, 
howev(U’, that the jdelds depend to some extent on thc^ metal used. This 
is clearly set forth in the following table, which contrasts the jdelds 
obtained b^^ th(^ use of thorium salts with those afTorded by the old 
method (using calcium salts). 

Per Cent Yield op 
Cycloalkanone Using 


Acid 

Calcium Salt 

Thorium Salt 

Glutaric 

0 

0 

Adipic 

45 

15 

Pimelic 

40-50 

70 

Suberic 

35 

50 

Azelaic 

5 

20 


Recent work indicates that the ring closure resembles the Dieckmann 

"Stark. Bit., 46 , 2309 (1912). 

Huzicka, Stoll, and Schinz, Hclv. Chim. ActUf 9 , 249 (1926). 
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reaction, the salt of a keto acid being formed and subsequently decom 
posed to give the cyclanone.®^ 

^COaM yCO yCO 

(Clh)n (CIl2)n I (CH 2 )„ 

^CHzCOzM '\CHCO2M '^CHi 

In an attempt to formulate a rational explanation of the variation in 
yield with increase in the number of atoms in the ring Ruzicka and his 
co-workers ^ postulated that the cyclization depends on two factors. 
One, the distance between the ends of the chain, will obviously favor the 
formation of small rings and oppose that of large rings. The second fac- 
tor, according to the theory, depends on the intrinsic stability of the 
rings, and will, in consequence, favor the formation of strainless rings. 
Expressed graphically this postulate pictures the actual yield (curye r) 
as the n^sultant of the “distance factor” (curve a) and the strain fa<?tor 
(curve b) as shown in the following figure: 
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An interesting and useful modification of the foregoing method was 
developed by Blanc, who found that slow distillation of the anhydrides 
of certain dibasic acids produced cycloalkanoncs.^* Only a little cyclo- 

Neunhoeffer and Paschke, Ber., 72B, 919 (1939). 

Ruzicka, Brugger, Pfeiffer, Schinz, and Stoll, Ber., 9, 499 (1926). 

* From Ruzicka and co-workers, Helv. Chim. Acta, 9, 499 (1926). (,Courte.sy of the putt- 
liKherti.) 

Blanc, Compt. rend., 144, 1356 (1907). 
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heptanone could be produced in this way, and even for cyclopentanone 
and cyclohexanone the yields did not exceed 50 per cent. Alkyl groups 
have a remarkable effect on the yields obtained as is shown by the follow- 
ing illustrative examples, in all of which the yields arc nearly quantitative. 


CHj— CII2 

CH3CH— CH2\ 

^CO 

1 >CO 

CH3CH— CH2/ 

CII2— CHCII3 


CH 2 — cri2\ 

1 >co 

CH2— CHCHs 

i \co 

CH — CH2^ 

CH2— CHCH2Cn=CH2 

CHs 

CH3 



CH2— CII2 


^co 

CII2 CO 

CH2— C-CII(CH3)2 

1 

CH3CCH3 

CH2 CH2 

CHs 

CH2— C(CH3)2 


Nco 

CH 2 C(CH 3)2 

/ 

CH2— C1I2 

CH2<^ ^0 


CH2CH2 


CH2— CHCIIs 


CH2<^ ^co 


C— CH2 

11 

(CH 3)2 


This is a striking example of the general rule that the presence of alkyl 
groups and particularly the grrjn-methyl groups ((CH 3 ) 2 C) enhances 
the tendency of a chain to undergo cyclization. The original strain the- 
ory of Baeycr takes no account of the influences of substituents. 

Blanc’s results are summarized in what is known as Blanc’s rule,^ 
which states that when adipic and pimelic acids are heated with acetic 
anhydride and then distilled (at about 300°) cycloalkanones are formed, 
whereas succinic and glutaric acids under similar conditions yield cyclic 
anhydrides. Blanc’s rule has been used frequently in determining the 
constitution of dibasic acids of the hydroaromatic series.®® It is now 

Windaus, Hiiokel, and lieverey, Ber,^ 56 , 91 (1923). 
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known that this rule is not always valid; sometimes when the two car- 
boxyl groups are attached to different rings, a seven-membered anhydride 
forms.®^ 

Perkin’s Method. The method of Perkin, already mentioned (p. 67), 
involves the use of compounds containing active methylene and methinyl 
groups together with polymethylene halides, and is capable of wide 
variation. Perhaps the simplest example is the preparation of cyclopro- 
panccarboxylic acid from ethylene bromide and malonic ester. The 
condensation takes place in the presence of sodium ethoxide and involves 
two steps.* 

CH2l5r /COjCalls CH2'.^^ yCOjCjIIs CH2\ /CO^CaHt 

I + CH 2 < I I >C<; j, 

CIbBr ^COoGJIs CIIiBr ^CO^CzHs CAh-^ \CO2C2H6 

Saponification of the ester yields 1,1-cyclopropanedi carboxylic ^cid 
which when heated passes into the monobasic acid by lo.ss of caifeon 
dioxide. 

CH 2 \ /C02C2li5 Cn 2 \ /CO 2 II CII 2 S 


^C02C2ii5 


I 

0112'^ ^CO.TI 


'CHC02H 

0112^ 


Th(! method has been used similarly for the prei)aration of the corre- 
sponding four-, five-, six-, and s(.>ven-meinb(!red rings. The yields corre- 
spond ai)proximatcly to the predictions based on the assumption that 
the tendency of a ring to form is governed by the amount of strain it 
possesses; i.e., they fall in the following order: C5 > Co > C4 > C3 > C7. 
In the case of the cyclopentane derivative t he yield is nearly (piantitative. 

Similar results are obtained with acetoacetic ester. Thus, with tetra- 
methylenc; bromide the principal product is ethyl 1-aceto-l-cyclopentanc- 
carboxylate.®- 


CH2CH2Br /CO2C2H5 

+ CII2 

CH2CH2Br '^COCHs 


NaOCiUs 


CH2CH2 s^ ^C 02C2H5 

c 

cn2CH2^ \c0cH3 


Hydrolysis and decarboxylation in these cases lead to the formation of 
the corresponding cycloalkyl methyl ketones. 


(CH2) 


^CH2^ ^C02H 

^CH2s^ 

n C — ^ 

► (CH2)„ CHCOCH3 

^COCHj 

\cH2 / 


Windaus, Z. physiol. Chem., 213 , 147 (1932). 

♦ Moincke, Cox, and McElvain showed that use of the magnesium derivative of malonic 
ester led to the formation of a small amount of 1,1,4,4-tetracarbethoxycyclohexane. 
J. Am. Chem. Soc., 67 , 1133 (1935). 

Goldsworthy, J, Chem. Sue., 377 (1934). 
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This synthesis has been carried out for the cases in which n = 0, 2, 3, 
and 4, but not for that in which n = 1. In the condensation with ethyl- 
ene bromide the second phase of the reaction gives a second product 
derived from the enol form of the ketone. 

yCOaCzHB 

cn,-cH^ NaocHB cn,-cco2aH5 

In the case of trimethylene bromide (n = 1) the cyclic ether — a deriva- 
tive of dihydro- 1,4-pyran — is the sole product. 

Of particular interest is the re.solvable (p. 340) spiroheptanedicar- 
boxylic acid i)repared from pentaerythritol by the following series of 
transformations: * 


GaHsOaC- 


C-illaOjC 


IIOCHsn^ ^CHiOII BrCHzs^ ^ClIaBr 
C C 

^CHzOH BrCn/ \ciI2Br 

BrCHii^^ ^CHaBr ^00202115 

CH 2 -I- C -1- c:H2 

BrCH2^'^ ^CH2Br "\cO2C2H5 


NaOCsHs 
>• 


C2H.b()2Cx^ ^CH2^ ^CIlzN^ ^00202115 

c c c > 

C2Hi,02C^ ^C02C2H5 

IlOaCx /CH2\ /CIl2\ /CO 2 H 

\ / \ / \ / heat 

c c c > 

HOzC^ ^CH2^ ^COsH 

^cn2\^ yCOiK 

c c c 

H02C^ ^CH2^ \je/' '^h 


Methods were also devised by Perkin for the synthesis of cyclic acids 
in which the carboxyl groups were situated on different carbons. The 
following examples will suffice to show the broad scope of these methods. 

* The acid was prepared by Fecht [Ber., 40, 3883 (1907)] and resolved by Backer and 
Schurink [Verslag. Akad, Wetenschappen Amsterdam^ 37, 384 (1928)]. 
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CHa 


^H(C 02 C 2 Hb )2 


C(C02C2H5)2 


\ 


+ CH2T2 


NaOCjHs 


» CH; 


CH(C02C2Hb)2 


o 


€H 2 


C(C 02 C 2 H 6)2 


C(C02H)2 CHCO 2 H 

CH2<^CH2 J- CH2<^CH2 

C(C02H)2 CHCO 2 H 


^CH(C02C2H5)2 
CH 2 CHzBr 

I + I 

CHo CH2Br 

\cH(C02C2H5)2 


C(C02H)2 

/\ 

CH 2 CH 2 


CH 2 CH 2 

\/ 

C(C02H)2 


C(C 02 C 2 H 6)2 

/\ 

CH 2 CII 2 

^ I I 

CH 2 CHi 

\y 

C(C 02 C 2 H 5)2 

CHC02H 

/\ 

GHz CH 2 

> I I 

CH 2 CH 2 

\/ 

CHC02H 


■> 


-> 


The S5m thesis of norpinic acid by Kerr ** is a peculiar but very imj)or- 
tant example of this type of condensation. It involves the use of 
Guareschi’s imide,®'* which is made from acetone, cyanoacetic ester, and 
ammonia.*® 


CN 

CHav CH2CO2R 

\C =0 + + NH3 

CH/ CH2CO2R 


CH; 


CN 

1 :h— CO 


i: 


N 


Clla-^ \CH— CO'' 

An 


\ 


NH + 2 ROH + HoO 


In the presence of sodium ethoxide the imide conden.ses with methylene 
iodide in the following fashion: 



“ Kerr, J. Am. Chem. Soc., 61 . 614 (1929). 

Guareschi, Alti. accad, scL Torino ^ 34, 928 (1899). 
« Kon and Thorpe, J. Chem. Soc., 115, 686 (1919). 
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Saponification of this cyclobutane derivative yields a tetracarboxylic 
acid which when heated gives norpinic acid. 


CO2H 

CHa^ ^C^COsH 
C CIIz 
CHa^ ^C^COall 


CHav /CHCO2H 

\ \ 

C 

Clla^ \cHCO2H 


CO2H 

Norpinic acid 


If a cycloalkanone is used in place of acetone this method leads to 
the formation of spirocycloalkane polybasic acids. Cyclopentanone will 
serve as an illustration.^® 


CN 

I 

CII 2 — cn2s^ ^CH— C0\^ 

C NH 

CII2— CHa^ ^CH— cc/" 


CO2H 

CII2— Cllav /C— CO2H 

\ \ 

C ^CIl 2 

CH2— CHa^ ^C— CO2H 


CN 


CO2H 


Another method of ring closure developed by Perkin has already been 
mentioned (p. 68); it depends on th(> fact that compounds containing 
acti\'c methylene or methinyl groups may be caused to undergo a coup- 
ling reaction of the type illustrated in the preparation of a,a'-diaceto- 
succinic ester from acetoacetic ester. To accomplish this result the 
sodium derivative of the latter is treated with bromine or iodine. 


Cn!,C0CHC02C2H5 

I 

Nil 

Na 

I 

CH3COCHCO2C2HB 


CH3COCHCO2C2H6 


+ I2 


+ 2NaI 


CH3CUCHCO2C2H3 


Applied to ethyl 1,1,4,4-butanetetracarboxylate, obtained from ethyl 
malonate and ethylene bromide or chloride, this method leads to the 
formation of the 1,2-cyclobutanedicarboxylic acid. 


Paul, J. Indian Chenu Soc , 8, 717 (1931). 
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CH 2 — C(C02C2Hb)2 

I 

Na 
Na 

I 

CH 2 — C(C02C2H6)2 


CH 2 — C(C02C2Hb)2 CH 2 — C(C02H)2 


+ Br2 


CIIz— C(C02C2H6)2 CH 2 — C(C02ll)2 

CH 2 — CHC 02 H 

I I 


0112— CITCO 2 II 

This method can also be used to effect a dimolecular condcnis^tion. 
Thus, von Pechmann prepared ethyl cycl()hexane-],4-dion(v2,3,5,IS-tet- 
racarboxylate from ethyl acetonedicarboxylate in tho following manner: 


co< 


C02C2nB 

CO 2 C 2 H 5 

CO 2 C 2 HB 

CftsCallB 

1 

-CHNa I" 

I 

NaCHs. 

1 

/ClI 

I 

-CiL 


>CO-> 

co< 

>CO 

■CHNa I 2 

NaCH/ 

\cn 

-CIK 

I 

CO 2 C 2 IIB 

1 

C'.02C2ll5 

1 

CO 2 C 2 IIB 

I 

CO 2 C 2 H 5 


Cyclization by the Elimination of Hydrogen Halides. A moloculo 
which contains an active hydrogen atom and a halogen atom suitably 
situated with respect to it can fre(iucntly Ixi caused to form a ring by 
loss of a molecule of hydrogen halide. The second step of Perkin’s 
original method is an example of this : 

CIl2CII(C02C2H:,)2 ,^,oc2n5 


CII2' 


>(XC02C2IIb)2 


CH2/ 1 

\CHC02II 


CIT2Br 

Markownikoff and Krestownikoff’s early synthesis of 1 ,3-cyclobutane- 
dicarboxylic acid (p. 07) ap])arcnt.ly b(;Iongs in the same; category. 

Similar to this is Perkin’s synthesis of l,2-cycloproi)anedicarboxylic 
acid from a-bromoglutaric est(;r by treatment with potassium hydroxide. 

/CIIBrCOoll /CIICO2II 

CH2< 

X;IT2C()2R 

This method has b(‘en employed in tlui preparation of a wide variety of 
derivatives of cyclopropane. 

A remarkable exami)le of this type of cyclization is the conversion of 
neopentyl and neohexyl chlorides to ],l-<hniethjdcYclopropane and 1,1)2- 
trimcthylcyclo))ropane, respectively, under the influence of sodium:®’" 

V. Pechmann and Wolmann, Bcr., 30, 2509 (1897). 

Whitmore, Popin, Bernstein, and W'ilkins, J. Am. Chem. Soc.^ 62, 124 (1941); Whit^ 
more and Carney, ibid.y 63, 2023 (1941). 
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The Michael condensation (p. 682 ) leads to many types of molecules 
which may serve for the synth(\sis of cyclopropane derivatives. For such 
compounds Kohler has developcid a method of cyclization which involves 
the removal of a molcsculc of hydrogcni bromide; by tr(;atmcnt of the bro- 
mine derivative with potassium ace'tate; in m(;thyl alcohol. The following 
example involving the use of nitromethane and methyl m-nitrobenzal- 
malonate will serve to indicate the wide applicability of this method 


NO 



/CO2CH3 

-Cn=C<( + CTIsNOa 

V-O2CH3 


/CO2CH3 

\_ j / 1 \c02CI13 

CH 2 


N02 

/=\ /C02CH3 

( }-cn-cn< 

V 1 \CO2CH3 

C1I2N02 

N02 

XC02CII3 

V_/ ^\/ \c02c1i3 

CJI 


NO2 


NO2 


A similar method of closing the c^'clopropane ring is due to Ilemry, 
who found that 7-halonitrilcs, wh(m tn'atc^d with potassium hydroxide, 
gav(^ th(^ nitril(\s of th(' corresponding cycloi)ropanecarl)oxylic acids. 
By use of sodamide in liquid ammonia, T-chlorobutyronitrile has been 
convcTted to the nitrile of cyclopropanecarboxylic acid in yields of 75-90 
per cent.^^ 


Clio— CH2CN 

1 

CH2C1 


NaNlIj 
> 


CHa- 

I 

CH 2 - 


CIICN 


Bruylants' modification of this method involves the addition of a Grig- 
nard reagent (p. 504 ) to a y-lialonitrile and k'ads to the formation of 
cyclopropyl ketones. 


CTI 2 CH 2 CN 

1 + RMgX 

CH 2 X 


rcH2CH2CR ■ 

1 II 

1 NMgX 

.CllaX 


inif-x 

> 


CH2\ 

1 > 


CHCR 

II 


NMgX 


HaO 

> 


CH2\ 

1 >CHCOR 
CH2/ 


Kohler and Darling, .7. Am. Chevi. Soc., 52, 424, 1174 (1930). 

** Cloke, Anderson, Tiachmann, and Smith, ibid., 53, 2791 (1931). 
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The condensation of phenylacctonitrile Avith polymethylene halides 
in the presence of sodamidc furnishes a very useful method for the prepa- 
ration of ]-phenyl-l-cycloalkanecarboxylic acids. 


/ClhX /CN /CHav /CN 

(CH2)„ -t- CHj ^ (CH2)„ C 

^CHjX 

^CH2s^ yCOiH 
(CH2)„ C , 


This method has been lused for three-, four-, five-, and six-membdped 
rings.'*® \ 

A superior method of synthesis of the cyclobutane ring involves the 
action of sodium cyanide on a,Q:'-dibromoadipic esters.** Apparently the 
5-bromonitrile is an intermediate product and the cyclobutane derivative 
is formed from it by loss of hydrogen bromide. 


CO 2 C 2 H 6 CO 2 C 2 H 6 00202116 

I I ! 

0112— OHBr CII2OHON 0112— OON 

1 ^ 1 > 1 1 

OH2— OliBr 0I[20HBr CH2— Oil 

I 1 1 

OO2O2II5 OO2O2H5 00202116 


Hydrolysis and decarboxylation of the cyanoester lead to the formation 
of 1,2-cyclobutanedicarboxylic acid. Rydon’s synthesis of norcaryo- 
phyllenic acid *^ is based on this mc^thod. 

Thorpe’s Reaction. Nitriles having an active hydrogen atom may 
undergo dimerization in the presence of sodium ethoxide. Thus, under 
these conditions cyanoacetic ester combines with itself in the following 
fashion: 


O2H6O2OOH2 + NOOH2OO2O2H6 O2H6O2OOII— OOII2OO2O2H6 

I 1 II 

ON CN NH 

Applied to appropriate dinitriles this method leads to the formation ol 

*“ Case, ibid., 56 , 2927 (193.3) ; 66 , 715 (1934). 

*‘ Fuson and Kao, ibid., 61 , 1536 (1929). 

Rydon, Chemistry & Industry, 54* 315 (1936), 
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cycloaJkanone derivatives. Ethyl a,3-dicyanovalerate, for example, may 
be converted into ccja'-cyclopentanonedicarboxylic acid. 



This acid loses carbon dioxide to give cyclopentanone. 

This reaction has been used by Ziegler, Eberle, and Ohlinger ^ with 
brilliant success in the synthesis of very large rings. By the use of 
lithium amides it has been po.s.sible to obtain rings having more than 
thii’ty members. The remarkable feature of this discovery is that it 
affords yields of as high as 85 per cent of the theoretical amount. At the 
present time this is by far the best i)rocedure available for synthesizing 
large carbon rings. 


/CHjCN 

(CH2)„< ^ (Cll2)„: 

\CH2CN ^ 


.CIIs 

^C=NH 

CHCN 


It is essential that these reactions be carried out at high dilution; this 
condition, it will be seen, favors the desired intramolecular condensation 
as opposed to the intermolecular combination. 

Dieckmann’s Acetoacetic Ester Method. The action of sodium on 
the esters of adipic and pimelic acids leads to the formation of five- and 
six-membered rings, respectively. 


CHjCHaCOjU CIIjCIICOjR CIlsCHCOzH CnjCHj 

1 — > I '^CO — ■ I \co ->• V^o 

I I / I / I / 

CII2CU2CO2II CII2CH2 CH2CH2 CH2Cn2 



CH2cnco2ii 

CH2, ^o — ► CH2; 

'^CH2CU2 


,CH2CHC02H 

yco 

'CU2CH2 


^CHsCH, 

ch2;'’^ ,co 

''cn2CH2^ 


Since the initial condensation product is a /3-ketonic ester it can be con- 
verted, by hydrolysis and loss of carbon dioxide, into the corresponding 
cycloalkanone; this conversion to the cycloalkanone serves to establish 
the structure of the keto ester. Also, it may be alkylated and in this 
way alkylcycloalkanones can be prepared. A general procedure for 
making 1,2-dialkylcycloalkanes depends on this method." The second 

** Ziegler, Eberle, and Ohlinger, Ann., 504 , 94 (1933). 

Chiurdoglu, Bull, sci, acad. roy, Belg»t 17 , 1404 (1932). 
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alkyl group is introduced by the use of the Grignard reagent; dehydrar 
tion and then hydrogenation complete the synthesis. 


CHa— CHCOjCJIt 

\co 

CHj— CH 2 

CHoCHR 

I \ 

6H2CIb 


RX 


R 

CHj— 


NaOCalls 


CO 2 C 2 H 6 

1 

C 112 — CH 2 


CII2— CHR 
^CO 
OHj— CII2 


yOR 

'^R' 


CH2CR 

^R' 

(bHjCIE 


CHi— CHR 

^ CHR' 
CH2— CH2' 


R'MgX 
> 


I 

The acctoacctic ester method does not give three-membered rilpgs. 
Succinic ester reacts with sodium to give succinosuccinic ester — a dik^to- 
cyclohexane derivative. ( 

^COoR 

CJI2 CH2CO2R CII2 CIICO2R 

I + I 1 I 

RO2CCH2 ClTa liOaCCJl CII2 

ROiC'^ ^CO'^ 

SuccinosiKTinic 

list Cl 


Similarly, malonic ester is converted to a triketocyclohexane derivative; 
the structure of this product is established by the fact, that the corre- 
sponding free acid loses carbon dioxide; to give; phlorogliicinol. 


RO2C 


RO2C 

CO2R 

I— iii2 


\CH..— CO2 


R 


CH 2 CO 2 R 

io2R 


R 02 C 

A'\ 

CO CO 

ROoCcii (:hco.r 

'^CO/^ 


IlO-rt-^%— OH 




oil 

Phloroglucinol 


A very remarkable closure of a four-membered ring was efT(;cted by 
Perkin and Thorpe by use of this method. 


C2H6O2C— C CIICO2C2H5 

(CH3)2C<(^! I 
C 2 H 6 O 2 C— cn CO 2 C 2 H 5 


NafeCjIT, 


C21 1 3O2C— C— Cl TCO2C2H5 
> (CH3)2C< 

C 2 IIDO 2 C— c-co 


This reaction has attracted much attention, not only becau.se of the 
unusual structure; of the preeduct, but also be-cause it is one; of the few 
known cases in which the* acetoacetic ester condensation takes place on 
a carbon atom which holds only one hydrogen atom. 

Perkin and Thori)e, J. Cheni. Sue., 79, 736 (1901). 
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When sodium triphenylmethyl is used as the catalyst in place of 
sodium ethoxide, this type of reaction oc^curs readily. An example is the 
formation of ethyl isobutyrylisobutyrate from ethyl isobutyrate. 


CH3 

I 

2CIICO2C2TTB 

1 

CHs 


(C6n6)jONa 
> 


CII3 0113 

I I 

CIICOCCO2C2H5 + CaHtOH 

I ! 

CH3 CTI3 


The keto ester forms an enolato with sodium triphenylmethyl which with 
isobutyryl chloride gives (ithyl 2,2,4,4,G-pentam(;thyl-3,5-diketoheptano- 
ate. The latter undergo(‘s cyclizalion under the influence of sodium 
triphenylmethyl, yielding hexarncthylphloroglucinol.^® 


CII3 CHa CII3 CHaCHa 

incoc^jcocaria incoicoicoaCaHa 

I 1 (CH 3 ) 2 (^HC 0 C 1 I I I 

CH3 CII3 CH3 CllaCIIs 


CO 

(Clla)aC'^ ^C(CHa)2 

ho io 

'^C(CHa)a 


A useful extension of Dieckmann’s method involves the condensation 
of oxalic es(,(>r w’ith othei’ esters of dit)asic acids. In the case of glutaric 
esters the jjroducl, is 1,2-cyclopentanedione. 


COoIt 

+ 

CO2TI 


CH2CO2R 

^CTlo 

ClIaCOaR 


CO— CIICO2R 



CO— CIICOaR 


CO— CITzx^ 

CH2 

CO— CHa^^ 


It was this special method which enabled Komppa to synthesize cam- 
phoric acid aTid thus to estaljlisli conclusively the structure of camphor. 
The stei)s in this cek'brated synthesis are as follows: 

CH3 


RO2C— Clla CO2R ROzC— CH— CO RO2C— C CO 


1 

1 

CHal , 1 

(CHalaC + 

1 

(CHaleC 

1 

> (CHslaC 

1 


RO2C— CH2 CO2R RO2C— ClI— CO RO2C— CH— CO 


CII3 


reduction 
> 


liOaC- C CH2 

I 

CII3— C— CIIs 


HO2C— CH CH2 

Ciimphoric aeid 


** Hudson and Hauser, J. A7n, Chem. Soc.^ 61, 3507 (1939). 
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Another group of syntheses of this general type depends on the 
Michael condensation; it may be illustrated by the preparation of 
dimethyldihydroresorcinol from mesityl oxide and malonic ester.^'^ 


>C=CHC 0 CH 3 + CH2< 


^COzR CHss 
''CO2R OHS'" 

RO2C 




CO2R 


CH 3 \ 

/CIV 

CH 3 \ 

>C CO 

CH3 / 1 1 


>C CO 

CHs'' 

1 1 -> 

RO2C- 

-CH CH2 

CH2 CH, 





Dimethyldihydrorefiorcinol 

Cyclodehydration. Condensations of the aldol type involving loss of 
water have been widely used in the synthesis of ring compounds. Thus, 
2,7-octancdionc is converted by the action of sulfuric acid into a cyclo- 
pentene derivative.^* 


^CHsCOCHa 
CH2 COCH3 


/C^COCHs 


CH2 COCH3 CII2 CCHs 

I I I I 

CH2— CH2 CH2— CH2 

Similarly, 3,6-octaiiedioiie yields a cyclopentenone when treated with 
10 per cent potassium hydroxide solution.^® 

CH3CH2CO CH2CH3 CH3CH2C =CCH3 

io - I >0 

CH2CH2'^ CH2— CIIz 


It is to be noted that in both these examples the course of the reaction 
is determined by the size of the ring formed; the formation of a five- 
membered ring is favored over that of a three- or a seven-membered ring. 
Similarly, Kipping and Perkin found that the six-membered ring forms 
in preference to the eight-membered ring, as shown by the fact that 
2,8-nonanedione gives exclusively a cyclohexene-derivative. 



^CH2\^ 

CH2 

CH2COCH3 

CH2 CCOCH3 

1 il 

1 

CH2 

COCH3 

^ 1 II 

CH2 CCH3 

\ch/ 

\ch/ 


Vorlander and Erig, Ann., 294 , 314 (1897). 

« Marshall and Perkin, J. Chem. Soc., 67 , 241 (1890). 
Blaise, Compt. rend., 158 , 708 (1914). 
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Alkylidene derivatives resulting from the use of Knoevenagel's 
method are capable of internal condensations leading to the formation 
of rings. The use of aldehydes and acetoacetic ester, for example, leads 
to the formation of cyclohexenone derivatives. 

CH3COCH2CO2R CH3COCHCO2R CH3C CHCO2R 

echo , \hK - CH \hR 

/ \ / 

CH3COCH2CO2R CH3COCHCO2R CO— CHCO2R 


Another type of ring closure is represented by the condensation of 
succinic dialdehyde, methylamine, and malonic acid in the following 
manner; “ 


CH2CHO Cn 2 (C 02 H )2 
Cll2(C02H)2 
CH2CHO n 2 NCH 3 


CH2— CHCH2C02H 

^C(C()2lI)2 
CH2— CIINUCHs 


The Grignard Method (p. 495). Certain halogen compounds form 
Grignard reagents which conden.se internally to give ring structures. 
Thus, (>iodo-2-hexanon(; reacts with magnesium to give 1-methylcyclo- 
pentanol. A Grignard reagent is formulated as an intermediate.®* 


CH3CO 

/ 

0112 CH2I 

I I 

CH2— CH2 


CH3CO 

/ 

CH2 CH2MgI 
+ Mg I I 

CH2— CII2 


CH3— C— Oil 

/\ 
CH2 CH2 

I I 

CHz— CH2 


Similarly, pentamcthylene bromide when treated with magnesium and 
then with cai bon dioxide gives, in addition to pimelic acid, a small yield 
of cyclohexanone.®- 


/ 

CH2 


CH2Br 


,CIl2MgBr 


CU2 

\cH2/ 


CH2Br 


+ 2 Mg 


CH2 

I 

CII2 


COj 


\ch/ 


CHaMgBr 


^CH2N^ 

CH2 COjMgBr CH2 CO 

I —^11 

CH2 CH2MgBr CH2 CH2 

Mannich and Budde, Arch. Pharm., 270 , 283 (1932). 
Zelinsky and Moser, Ber., 35 , 2684 (1902). 

Grignard and Vignon, Compt. rend.^ 144 , 1358 (1907). 
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Pyrolysis of Pyrazolines. Pyrazolines are unstable toward heat and 
decompose to give cyclopropane derivatives. 

R 

I 

/CH— NH /CHR 

CH 2 < I CH 2 < I + N 2 
\C==-N \CIIR 

I 

R 


a,i8-Unsaturatcd ketones and aldehydes yield pyrazolines when trejated 
with hydrazine and can bo converted by this method into the correspond- 
ing cyclopropane d('iivativ(is. Thus, cinnamic akh'hyde gives phenj^cy- 
clopropane, and mesitjd oxide yields l,l,2-tnm('thylcycloj)ropane. , 


/NIJ-N /CH2 

C 6 HoCH=CnCHO — ^-> CgHsCTK; il CV.Hr,ClI<; | 

^CHo— CH \CII2 

Phenylf’yclopropane 


CHs 

^C=CHCOCIl3 

CH3 


CH3 NH— N 

>< I 


C 1 I» CH2-CCTI3 


CIT3 CH2 



CH3 cHcn3 

l,l,2-Trimotliylry(’lopropiine 


A classical examj^le of this type of reaction is 
pulegone into carane.“ 

Kishnor’s conversion 

CII 3 

C 1 I 3 

CH 3 

1 

/CH\ 

1 

1 

/CH\ 

CH. CH. 

1 1 > 

CH. CH 2 

CH 2 cn 2 

1 1 

CH 2 CO 

CH 2 C\ 

\ / ^ 

^CIF N 

CH 2 CII 

\c/ 

\cil^ ^C(CH3)2 

1! 

/°\ 

CHs CHa 

PulegoiHi 

1 1 
/C\ 

CH 3 CH 3 

Caranci 


Alkyl pyrazolinecarboxylates are readily made by the action of di- 
azomethane on unsalurated esters such as those of makac, fumaric, and 
crotonic acids. It is inba’csting to note that maleic and fumaric esters 

Kishner and Zavadovsky, J. Rush. Phys. Chvm. Sac., 43 , 1132 (1911). 



ALICYCLIC COMPOUNDS 95 


give the same p.yrazoUne; from these esters alkyl 1,2-cyclopropanedi- 
carboxylates arc made. 

CO2R CO2R 

CHCO2R 

^cn2 

CIICO 2 R 

CO 2 R CO 2 R 


CH 


CII 


CH 




.CH 2 . 


-1 CH2N2 


>NH 


-N" 


Thermal decomposition of the simple pyrazoline derivatives usually 
gives alkyl alkcnecarboxylates as the main product; the more complex 
esters generally afford a preponderance of alkyl cyclopropanccarbox- 
ylates. Mixtures of the two types of products are often formed; the 
following illustrates this behavior: ^ 


CITsCHv 
I \N 
CIbCH 

1 

cn,c — N 
CO 2 C 1 I 3 


CH 3 CH 



CH 3 CH c— C 02 cn 3 


Cn3CH2C-=CC02CH3 

I I 

C1I3 CH3 


Biazoacctic ester has been used in a similar fashion. For example, 
honrocaronic acid was prepared by the act ion of the diazo ester on ethyl 
4-mcthyl-3-pentenoa(e.^® 


CII3 

\ 

C=CIICIl2C02C2H6 + N2CHCO2C2IID 

/ 

CII3 

Ethyl (liazoacetatc 


CH 3 CHCO 2 H 

\/ 

c 

/\ 

CUs CHCII2CO2H 

Homociironic acid 


A by-product in this reaction is 1 ,2,3,4-cyclobul anetetracarboxylic acid, 
obviously dei-ivc'd from four molecules of the diazo ester. The analogous 
l,2,3-cyclopropanetricarl)oxylic acid results when maleic ester is used. 


no2Ccn-ciico2H 

HOoCCII-CIICOall 

1 ,2,.■h4-(\vclol)utarl(‘tet^a- 
caIboxyl^c acid 

As a .side light on the influence of substituents on stability it may be 
pointed out that carboxyl groups, when situated on different carbon 

V. Auwers and Konig, Ann,^ 496 , 252 (1932). 

Owen and Simonson, J, Chem. /Soc., 1225 (1933). 


/CHCO2H 
ii02ccii<; I 

\cHc 02 H 

1 ,2,3>Cycloproparie“ 
tiit'arl)oxylic acid 
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atoms of these small rings, greatyl enhance the stability. The conversion 
of ethylenic compounds into cyclopropane derivatives by the diazoacetic 
ester method is very general. Buchner has shown that even aromatic 
rings are attacked. Benzene is transformed in the following fashion: 

^CH\ 

CH CII 

I II + N2CHCO2R 

CH CH 

^CH-^ 

Oxidation converts the above product into 1,2,3-cyclopropanetribar- 
boxylic acid. 


^CH\ 

CH CHv 
I I >CHC02R 

CH CH/ 

Vh/ 


METHODS OF RING EXPANSION AND CONTRACTION 


Many reactions of alicyclic compounds produce a change; in the size 
of the ring. These are of particular inten^st from the standpoint of the 
strain theory, which carries the; imi)lication that such transformations 
have as their driving force a diminution of ring tension. In .support 
of this may be cited numerous examples of expansion of the smaller 
(strained) rings and of contraction of large rings, and it was believed 
that these constitute strong evidence for the soundness of Baoyer’s origi- 
nal theory. However, a more careful study of such changes has shown 
that they cannot be correlated in any .sim])le way with the strain which 
the rings are supposed to possess. St)mc examples will serve to indicate 
the difficulties involved. 

The Demjanow Rearrangement. The action of nitrous acid on cyclo- 
alkylmcthylamines is a general method for ring expansion. Cyclobutyl- 
methylaraine will illustrate the b(*havior of this class of amiiuis. In 
general, four products are obtained; in this instance; tlu'y an; cyclopen- 
tanol, cyclopentene, cyclobutylcarbinol, and methylcnecyclobutane. 


CH2-CHCH2NH2 UNO, 
CH2— CH2 


CH.— CHCH2OH 

I I 

CH2— CH2 

Cyclobutyl- 
ciu binol 



CHOH 


CyflfipentaiiGl 


CH2— C=CH2 

I I 

CH2— CH2 
Methyloneryt’lo- 
butaiie 


CH2— CH^ 

I / 

0112— CH$ 


CH 


Cyclopentene 


The three-, five-, six-, and eight-membered rings have also been trans- 
formed in this way. Obviously, ring strain is not the primary cau.se of 
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this change, for it proceeds with especial readiness in the case of cyclo- 
hexylmethylamine (60 per cent yield). Also, Ruzicka has shown that 
the rearrangement from the cyclooctyl to the cyclononyl ring gives a 
20 per cent yield of cyclononanol; here the rearrangement can hardly be 
ascribed to strain alone. 

Equally difficult to correlate with the strain theory is the ring con- 
traction which cyclobutylamines undergo when treated with nitrous acid. 
In addition to the normal cyclobutanol some cyclopropylcarbinol results. 

CHz— CHNHa CH2— CHOH CH2OH 

I I > i i and I \ I 

CH2— CH2 CH2— CH2 CH2 — ^CH 

The cyclobutylamines derivcid from truxinic and truxillic acids undergo 
a similar change?.^ 


HOiCCH-CHCeHs 

I I 

CsITsCII CHNH2 

HOzCCFI— CHNH2 

I I 

CelloCII— CIICflHs 


HO2CCTI— 

I /- 

CeHsCIl/ 


CH 

CH(0H)C6H6 


The Pinacol-Pinacolone Rearrangement (p. 971). The rearrange- 
ment of cyclic pinacoLs has been shown by Meerwein to obey the general 
rules known to hold for acyclic pinacols. Attention is directed to the fol- 
lowing examples: 



OH OH 

CTIiClIox 

1 

^ 1 1 /CH3 

>c — c<( 

CII2CH2/ 

^CHs 


CH2CH2 

cn2<^ ^CO 

CH2C(CH3)2 


OTl OH 

/CH.>CIl2\ I I /CITs 

CH2< >C C< 

^cib-ciLi/ N:h3 


/CH2CH2S. 

Cdl2< >C— COCHs 

\CH2CH2/ 

and 


Cn2CH2CO\ 

I >C(CH 3)2 

CH2CH2CH$ 


The fact that expansion of the cyclohexane ring is less complete than 
that of the cyclopentane ring in these cases may be an indication that a 
resistance is encountered in the former which is not present in the latter. 
T his accords with the strain theory in its original form. 

Stoernier, Schenck, and Pansegrau, Ber., 60B, 2566 (1927). 
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A number of transformations have been observed which appear to be 
closely related to the pinacol-pinacolone rearrangement. Many of these 
involve a change of a six- to a five-m(imbered ring, and so serve to com- 
plicate the problem of correlating such changes with ring size. Treat- 
ment with silver nitrate converts l-methyl-2-iodocyclohexanol into 
cyclopentyl methyl ketone. However, the primary" product is 2-mcthyl- 
cyclohexanone.®’ 


^CHaCHIx^OH 
CHo C 


CHsCH 


N 

CHC 0 CH 3 


/C 1 I 2 CH 2 , 


and CH 2 


'\ 

CO 


CH 2 CII 2 / 

Cycloponfyl methyl 
kettme 
(10 pel (tent) 


^CH2CH^(1JI3 

2-Met]jylev<*lohcx:i]h 


noiuj 

(90 per eent) 




Similarly, cyclohexene oxide, when treated with magiuvsium bromide, in 
ether solution, is converted into cyclopen taiu'aldehyde. 


^CIl2^ 
CH 2 CH. 

I ! 

CH 2 CH 


>0 



CH 2 — CH2\ 

I >CHCIIO 

cn2— CH 2 / 


Cyclopen tanealdehy tie 


However, under the same conditions cyclopentene oxide does not yield 
a cyclobutane derivative, but rearranges to cyclopentanone.“ 

The Wagner Rearrangement (p. 1019). The dehydration of cyclic 

alcohols containing th(‘ C — C — C(OH) grouping may produce cither ex- 

I 


pansion or contraction of the ring, as shown by the following examples 
(Meerwein) : 


CH2< 


.CH 2 CIT 2 CIIOH 

I 

'CH2CH2C(Cll3)2 


/CH 2 CH 2 CCH 3 
CH2< II 

N:ih2CH2CCH3 

T 



/CH 2 Cn 2 \ /CH(0H)CIl3 

cn 2 < >c< 

^CHzCHa/ \CH3 


®^Tiffeneau, Compt. rend., 196, 1284 (1932). 
Clemo and Ormston, J. Chern. Soc.^ 362 (1933). 
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Wallach’s Degradation Method. Cyclohexanones can be converted 
to the corresponding cyclopentanones by the method of Wallach, which 
involves the treatment of the dibromocyclohexanone with alkali. The 
l-hydroxycyclopentanecarboxylic acid is always an intermediate. 


/CIIaCHz. 
CH2< >C0 

\CIl2CH2/ 



Favorski reported a similar result with a-chlorocyclohexa nones, which are 
converted by alkali into cyclopentanecarboxylic acids. 

/CH2CHCI CH2— CH2\ 

CE/ 7CO I >CI1C02II 

^CHaCH^ CH2— CH2/ 


The Diazomethane Method. Dii zomethane i.s capable of reacting 
with aldcihydes and ketones in such a manner as to jn-oduce the higher 
homologs. Mosctlig and Burger ai>plied this method to cycloalka- 
noiK's and found that cyclohexanone gave a mixture of cycloheptanone 
and cyclooctanone of which the former was th(^ principal product. From 
cyclopentanone the chk'f product was cycloheptanone. More recently “ 
the method has been adapted to large-scale op(!ration by introducing 
nitrosomethylurethan at a suitable rate int,o a solution of a cyclic ketone 
in an alcohol which contains sonu' alkaline cat,alyst. The chief reactions 
in the case of cycloh(‘xanone may b(‘ represenh'd by the following equa- 
tions, although the actual intermediate is not necessarily diazomethane. 

C2H60C0N(N0)CH3 + ROII -> CaHsOCOaR -t- CH2N2 -|- H2O 


yCHaCHov 

CII2 

\CH2CH2' 


/ 

CO + CH2N2 

\ 


CIIaCIIaCHaK 
I >CO -b N2 

CII2CH2CH2/ 

^CHaCHov^ 

CH2 C CH2 -b N2 

\::H2cri2'^ 


The ratio of ketone to oxide is in general about four to one. 

MosettiK and Burger, J. Am. Chem. Soc., 52 , 3456 (1930); see also Robinson and 
Smith, J. Chem. Soc., 371 (1937), and Giraitis and Biilloek, J. Am. Chtmi. Soc., 69 , 951 
(1937). 

Meerwoin, Chem. Zentr.^ 104 , II, 1768 (1933) (German pat. 579,309). 
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With this method the yield of ketone falls from 63 per cent in the 
preparation of cycloheptanone to 45 per cent for the octanone and to 
about 20 per cent for the nonanone and decanone.®'^ In this range the 
diazomethane method seems to be superior to all others for the synthesis 
of cyclic ketones. 

It has been reported that the yields increase with higher members so 
that in the range of the cyclopentadecanone the method is again to be 
preferred. 

The reaction does not, of course, stop when one methylene group has 
been introduced and therefore yields a mixture of ketones. This is 
illustrated by the action of diazomethanc on ketenc (cycloethanone)j. 

In an attempt to use this method in the j)reparation of cycloprctoa- 
none by treating kclene (cyclocthanone) with diazomethanc it was found 
that the chief product was cyclobutanone; presumably the cycloprojpa- 
none is an intermediate.®^’ ®® By using an excess of ketene with diazo- 
methane it was possible to isolate the hydrate and some hemiacetals of 
cyclopropanone. 

In addition to the foregoing examples of ring expansion and contrac- 
tion may be mentioned the conversion of the cyclopropyl- and cyclo- 
butylcarbinols to cyclobutyl and cyclopentyl bromide, respectively, by 
the action of hydrogen bromide; the rearrangement of cyclopentyl 
nitrite to 1-methylnitrocyclobutanc under the influence of alkali; the 
formation of methylcyclopentane by the reduction of benzene with hy- 
drogen iodide at 300°; the transformation of carbazole into 3,3 '-di- 
methyldicyclopeiityl by the action of hydrogen iodide;®^ the reversible 
formation of methylcyclopentane from cyclohexane in the presence of 
moist aluminum chloride; and the transformation of pincne into bornyl 
chloride under the influence of hydrogen chlorides. 

As has been slated, the foregoing tran.sformations lend themselves to 
no simple explanation such as that offered by Baeyer. Indeed, most of 
them find their counterpart in the reactions of open-chain compounds 
in which strain in the Baeyer sen.se cannot l>e involvc’d. It appears at 
present that the small rings are indc(‘d .strained; but it is equally evident 
that strain is not always the controlling factor and that frequently it is 
entirely obscured by other influences. 

Kohler, Tishler, Potter, and Thompson, ,/. Am. Chem. Soc.^ 61, 1057 (1939). 

Lipp, Buchkremcr, and »Seelcs, Ann., 499, 1 (1932). 

Lipp and Koster, Ber., 64B, 2823 (1931). 

Schmidt and Sigwart, Ber., 45, 1779 (1912). 
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METHODS OF OPENING RINGS 

Alicyclic rings in general exhibit a stability toward heat and reagents 
which is comparable to that of the corresponding open-chain compounds. 
Only in cyclopropane and its derivatives, and, to a far less degree, cyclo- 
butane and its derivatives, is there any marked instability. Even so, the 
stability of related compounds is exceedingly variable. Consequently, 
for a proper appreciation of the chemical behavior of the three- and four- 
membered ring systems it is necessary to examine their properties in 
some detail. 

Cleavage of the Cyclopropane Ring. The close resemblance in chem- 
ical behavior of cyclopropane and its derivatives to the corresponding 
olefinic compounds has already been mentioned. This point of view 
offers the most helpful approach to an appreciation of the manner in 
which the cyclopropane ring is opened by heat and by reagents. Cyclo- 
propane and its derivatives are un.stabl(5 toward heat, which converts 
them to the corresponding propylene derivatives. Cyclopropane is read- 
ily reduced to propane by the action of hydrogen in the presence of 
colloidal palladium in acetic acid solution; under the same conditions 
ethylene is I'cduced somewhat more rapidly. Hydrogen iodide adds 
readily to cyclopropane to give n-propyl iodide. Under these conditions 
propylene gives principally isopropyl iodide. 

CIU— CH2 + III CHaCIIzCHiI 

\/ 

CH2 

CH3CH=CH2 + HI -> CH3CHICII3 

Bromine adds to cyclopropane just as it does to propylene, but the reac- 
tion is slower and the product is the 1 ,.3-dibromide instead of propylene 
bromide. 

CH.,— CH2 -t- Bra CHaBr CIIaBr 

\/ \/ 

CH2 CH2 

CHsCII^CHa + Bra CHsCHBrCHaBr 

Whereas cyclopropane in these reactions is almost as unsaturated as 
propylene, it differs notably from the latter in being stable toward per- 
manganate and ozone. 

The ease with which the ruig opens, i.e., the ease with which addi- 
tion takes place, is greatly affected by the nature and position of sub- 
stituents. Alkyl groups seem to decrease the stability of the ring. Car- 
boxyl groups, on the other hand, seem to stabilize the ring, and this 
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effect, as has already been noted (p. 95), is the more marked if these 
groups arc on different carbon atoms. 

Although the influence of substituents on the ease of addition cannot 
as yet be interpreted in any helpful way, the effect of substituents on the 
mode of addition is predictable on the basis of the rule of Markownikoff 
(p. 638). The problem has been carefully examined by Kohler and 
Conant,®* who state that substituents have exactly the same influence 
upon the mode of addition to a cyclopropane ring as to an eihylenic 
linkage, even though the resulting saturated derivatives in the two in- 
stances differ radically in structure. For example, the manner in which 
hydrogen bromide adds to cyclopropane hydrocarbons is gov(irnedl' by 
the number and disposition of the alkyl grf)iips. The ring invai’i!i!|)ly 
opens between the carbon atoms that hold the largest and the smallest 
number of alkyl groups, and the principal product is always one in which 
the halogen is combined with the cai-bon atom that holds tlu; largcist 
number of alkyl groups. 

The addition of hydrogen bromide to cyclopropane acids leads to 
the formation of y-bromo acids or the corresponding lactones. The 
ketones behave in a similar manner. CVcloi)ropan{‘carboxylic acid and 
benzoylcyclopro}.)ane are examj>les of this sort; with hydrogem bromide 
they react as follows: 

CHa— CIICO2II + HBr -> CIKBr CII-COaH 


CHo CII2 

CHo— CHCOCoIbs + HBr CHoBr ClI-COCeHs 

X/ \/ 

CIT2 CII2 


Similarly, ethyl 1 , 1 -c 3 ’cloi)ropanedicarboxylaf e undergoes the Michael 
reaction with ethyl malonate to give ethyl 1,1,4,4-butanetet.racar- 
boxylate.®® 


CH2— C— CO2C2H5 


\/\ 

CH2 CO2C2H5 


NiiorjUs 

+ CH2(C02C2Hs)2 — > 


CIl2CH(C02C2iI;,)2 

I 

CIl2CH(C()2C2H5)2 


These facts justify the conclusion that there is no fundamenf al difference 
between corresponding derivatives of ethyknui and cyclopropane!, and 

III 

that the structure — C - C — C==0 behaves like a conjugated system. 


C 

/\ 

•'‘Kohler and CJonant., ./. Am. Chem. fioe., 39, 1404 (1917). 
•« Bone and Perkin, J. Chem. Soc., 67. 108 (1895). 
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Cleavage of the Cyclobutane Ring. Cyclobutaiic is transformed into 
butane by catalytic hydrogenation at 120°, thus requiring somewhat 
more drastic tniatinent than cyclopropane which passes into propane 
under these conditions at 80°. On the other hand, cyclopentane is 
opened by catalytic hydrogenation only at 300°.®^ From the standpoint 
of the tendency to a})sorb hydrogen in th(^ presence of a catalyst the 
simple cycloalkanes fall in iho order ethylene > cyclopropane > cyclo- 
butane > cyclopen tan (^; this is, of course, in complete harmony with. 
the requirements of strain tlu'ory. 

Th(' ty])e ol rupture (jf this ring which is most frequently observed is 
a dissociation inU) tAvo molecuk's of olefinic character. This was noted 
with res[)ect to truxinic and truxillic acids which dissociate under the 
influence of lu'at to give cinnamic acid (]). 75). 

Wh(ui l,2-dibi‘omocycl()butane is heated with potassium hydroxide, 
acetylene is produced. 

ClIuCIIBr HC^CH 

CHoCHBr HC=CH 

THE CYCLOALKANES 

Saturai(‘d alicyclic hydrocarbons have usually been made by reduc- 
tion of th(' corresponding k(‘tones and diketones. Special methods, how- 
ever-, have l)e(‘n n(‘C(‘ssary in some instances, such as that for cyclopro- 
])an(', which lias already becai discusvsed.* Cyclobutane is made by 
hydrogi'iiation of cyclobutiaie in the presence of nickel at 100°. This 
j)ro(;c‘ss must carefully controlled since at higher tcmiperatures butane 
is formed. (Vcloixaitane, cyclohexane, and cycloheptane are found in 
pi'troknim. An intei*esting synth(\sis of C 3 ^clodecane has been worked out 
which involves the ozonizatioii of octahydronaphthalene and reduction 
of the resulting diketone.*’^ 



^CTIaCOCHzN^ 

/GUzs^ 

CII2 C CII2 

CII. GHz 

1 11 1 

1 i 

(GHz), (GHz), 

CH2 (• CJI2 

CII2 GHz 

Nghz/ 


^GHzGOGHz/^ 


Thi) following table' gives the boiling points, melting points, and heats 

Zelinsky, Kazansky, and Plate, Bcr., 66B, 1415 (1933). 

♦ ( 'y clopropaiio has attraeted inuch attention because of its value as a general anesthetic 
Hiickel, Gercke, and Gross, B(r., 66B, 5G3 (1933). 
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of combustion of a representative group of cycloalkanes. The last column 
gives for comparison the boiling points of the corresponding parafl&ns. 

CYCLOALKANES 



Heat of 

Melting 

Point 

Boiling Point 

Name 

Combustion 
per CH 2 
(Cal.) 

Cycloalkanes 

Paraffins 

Ethylene (eycloethane) 

170 


-103 9^ 

-84.{1° 

Cyclopropane 

168.5 


-35 

-44 *5 

Cyclobutane 

165.5 


+ 12 

-oA 

Cycdopentane 

159 


49 

+30.^ 

Cyclohexane 

158 

+7° 

81 

08.9', 

Cycloheptane 

158 

- 12 

117 

98.8, 

Cyclobctane 


+ 11 5 

148 

125 8 

Cyclodecane (CioIIoo) 

158 6 

9 6 

201 

173 

Cyclododecane (C 12 TT 21 ) . . . 


61 



Cyclotetradecane (Cnllos) . 


53 



Cyclopentadecane (CisTTno) 

157 ' 

37 



Cyclohcxadecane (Ci 6 H;{ 2 ) . ! 


57 



Cycloheiitadecane (Ci 7 H 31 ) 

157 

63 



Cyclodocosane (C 22 II 44 ) . • • 


46 



Cyclotetracosanc (C 24 H,i,s) . 


47 



Cyclohexacosarie (C 26 H 52 ) 


42 



Cyclodctacosane (C 28 H 56 ) . 


48 



Cyclotriacontane (CsoEgo) • 

156 

56 




It is clear that the values given for the energy content of the cyclo- 
paraffins fully support the modern interpretation of the strain theory, 
which holds that all the rings of more than four meunbers are practically 
without strain. They furnish no evidence of strain in cyclohexane and 
cycloheptane which, according to Baeyer, should possess negative strain. 
Moreover, the heats of combustion of large rings, varying in size from 
eight to thirty members, are now known, and, although the accuracy of 
the measurements leaves much to be desired, it is evident that the values 
of the heat of combustion of a CH2 group in these rings agree throughout 
with the corresponding values for the aliphatic compounds and the 
homologous cyclopentanes and cyclohexanes.®® 

The parachors as well as the compressibilities of the cycloalkanes 
have been measured, and it has been shown that these properties, like 
stability, molecular refractivity, molecular volume, specific gravity, 

Ruzicka and Schlapfer, Helv, Chim. Acta, 16 , 162 (1933). 
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melting point, and x-ray structure (p. 1762) — abnormal for the lower 
members — become “normal” for the compounds with the larger rings.’® 


THE CYCLOALKANONES 

Cyclopropanonc is known only in the form of its hydrate and alcohol- 
ates.®* Efforts to synthesize this ketone have already been noted 
(p. 100). Also, treatment of dibromoacetone with sodium amalgam gives 
1,4-cyclohexanedione instead of cyclopropanonc. 


^CHsBr 
2 CO 

'^CIEBr 


Nndlg) 
> 


CO CO 

^CHa— Clla/^ 


By the action of ethyl diazoactdaU; on ketene, Rtaudinger prepared a 
compound which appc'ars to be tlu^ enol form of a derivative of cyclo- 
propaiione. 

CIl 2 =C =0 -I- N 2 CIICO 2 C 2 TI 6 CH 2 


CO2C2H6 



Cyclobutanonc has been made by the oxidation of cyclobutanol and 
also by treating l-bromocyclobutanecarboxamid(? with bromine in potas- 
sium hydroxide. Its synth(!sis from ketene by the action of diazomethane 
has already been mentioned (p. 100). 

The higher cycloalkanones hav(; usually been prepared by direct cycli- 
zation by reactions which wen^ discussed under methods of ring closure. 

Cyclopentadecanone is of especial interest on account of its musk- 
like odor; it is sold as a perfume under the name “exaltone.” It is similar 
in st ructure to the odoriferous principles of naturally occurring civet and 
musk. The former contains civetone and the latter muscone. Ruzicka’s 


Cn— (CH 2 ) 

II 'O 

CH— (CHalr 

Civetone 


(CH2)i2— CO 

I I 

CHs— CH— CH 2 

Muscone 


establishment of the structures of these two naturally occurring alicyclic 
compounds is one of the most significant achievements in this field, 

Ruzicka, Bockenoogon, and Edelmann, ibid.j 16 , 487 (1933). 
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CYCI.OALKANONES 


Name 

h'ormnla 

Molting 

Point 

Boiling Point 

Cyclobutanoiie 

CH 2 -C 0 
ilia— ilia 

1 

98.5-99° 

Cyclopentanone ... . 

CIIaCHa. 

CH.CHa^ 


130-130.5 

Cyclohexanone 

.CIIaCHav 

CIl 2 < >co 

NZIHaCIIa/ 


155.4 1 

\ 

Cycloheptanonc 

/CIE\ 

(CHo)4< >C0 

^Clla/ 


179-181 1 

Cyclooctanone 

/Clla. 

{CIIa)6< >30 

X ll," 

42° 

74 (12 min.) 

Cyclononanone 

CHa -(CIDav 

1 >CO 

CHa— (CIl..)3/ 


»3-95 (12inin.) 

Cyclodecanonc . . . . 

/(Cna),s 

cna< >co 

\cih)/ 

20 

100 (12 mm.) 

[ 

Cyclododecanone. . . 

/(CHa)c\ 

CHa< >CO 

\(CH..)/ 

rA) 

1 

125 (12 mm.) 

Cyclotetradecarione . 

/(CHa)6x 

CIIa< >CO 

\(CIIa)/ 

53 

155 (12 mm ) 

Cyclopentadecanone . 

Clla— (CIIa)6\ 

I >CO 

Clla— (CH-)c/ 

(i3 

12U (0.3 mm.) 

Cyclohexadecanone . 

/(CIIa)7\ 

Clla< >CO 

^(Cna);/ 

t)4 

13S (0.3 mm.) 

Cyclocosanone 

/(CIIa)9\ 

CHa< >CO 

\(ClIa)/ 

59 

170-171 (0.3 mm.) 

i 

Cyclodocosanone . . . 

/(CIIa),o\ 

CHa< >CO 

XCII 3 )./ 

32 


Cyclooctacosanone . . 

/'(CHa).3\ 

CHa< >:o 

\(CIIa)u/ 

54 
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for it dispelled the fallacy that large rings were incapable of existence, 
and opened up an entirely new field of investigation. This work con- 
stitutes a remarkable instance of th(' great theoretical and practical devel- 
opments which frequently grow out of the study of natural products. 

The chcniical i)ropertit's of the cycloalkanones are, in general, similar 
to those of open-chain ketones. The lower members of the cyclic series, 
however, are much more reactive toward typical ketone reagents than 
are, the corresponding members of the open-chain group. Thus, whereas, 
in general, only methyl ketones will form bisulfite addition compounds, 
this reaction is observed for all the cycloalkanones up to and including 
cyclooctanone. Cyclooctanone can be separated from cyclononanone by 
making us(! of this diffeix'nee. It must be .supposed that, in the smaller 
rings, the ring form leav(‘s t he carbonyl group mon^ exposed to the attack 
of rf'agents than in the opc'ii-cliain foi’ms or the very large rings. 

A redaction whicih is of great int.erest is the oxidation of cycloalkanones 
to tlie corrc'sponding lactones by the use of Caro’s acid. 


((TI 2 ),/ >C==0 

X'H/ 


/CII 2 — C==0 
(CH2)„<( I 
\CIT 2 — 0 


The reaction was discovered by Baeyer and Villiger,^^ and has proved 
to l)e Vx'iy g('neral. In this way, the lactones in which n = 10, 11, 12, 13, 
and 14 liave l)eeu obtaiiK-d in yields of about 50 per cent of the theoretical 
amount. 

Th(! table on pag(' 100 giv(“s the boiling points and melting points 
of a number of the cycloalkanones. 


THE CYCLOALKANOLS AND CYCLOALKANEDIOLS 

CVcloi)roj)anol is not known; efforts to pn'pare it invariably lead to 
the formation of the isonuaic open-chain compound, allyl alcohol.’’ 
Thus, this alcohol is [)rodaced when nitrous acid is allowed to react with 
cycloi)roi)ylaminc. 

HNO" 

I CIINII 2 -> CIl2==CHCH20H 

ClTz 

It .should b(> pointed out that this is a Demjanow rearrangement in which 
a two-meml.)er('(l ling is dc'rived from a three-membered ring. Cyclo- 
butanol, the .synthesis of which has already been mentioned (p. 97), is, 

” Bac.VMT 1111(1 Villigcr, lirr., 32. .3625 (1.S991: 33, 802 (1900). 

’2 Kuzicka and Stoll, Jhh. Chim. Acta, 11 . 1159 (1928). 

Hurd and Pilgrim, J. Am. Chem. Soc., 66, 1195 (1933). 
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however, a relatively stable substance and resembles n-butyl alcohol 
very closely in its chemical and physical properties. 

Cyclohexanol is the only cycloalkanol which is available in commer- 
cial quantities. It is made by catalytic hydrogenation of phenol in the 
presence of nickel at about 170°. It gives the usual reactions of second- 
ary alcohols. Gentle oxidation converts it into cyclohexanone, and 
vigorous treatment gives adipic acid. 

The 1,2-Cycloalkanediols. The 1,2-cycloalkanediols are of especial 
interest because of their behavior toward boric acid and acetone. Boese- 
ken has found that certain polyols, when introduced into a solution of 
boric acid, enhance its conductivity. This effect is ascribed to the fojrma- 
tion of addition complexes. These complexes are formulated as horo- 
spiranic acids, of which the anions are borospirans of the following type : 



Apparently such complexes form only when the polyol molecule holds 
two hydroxyl groups which are close together. This criterion of the prox- 
imity of hydroxyl groups in glycols has given rise to numerous experi- 
ments, the results of which seem to support the th('ory that the cyclo- 
hexane ring is less rigid than those of the lower cycloalkanes. Ethylene 
glycol does not increase the conductivity of boric acid solutions, appar- 
ently because the mutual repulsion of the hydroxyl groups causes the 
molecule to rotate so as to allow these groups to take up positions which 
are far apart. A similar result is obtained with trans-1, 2-cyclopontanediol 
in which the hydroxyl group.s, owing to the absence of free rotation 
about the line joining the carbon atoms holding them, cannot come close 
together (see Fig. 5b). Confirmation of this view is seen in the fact that 
cfs-l,2-cyclopentanediol (Fig. 5a) greatly increases the conductivity. 
Here the hydroxyl groups are close together and, on account of the rigid- 
ity of the ring, cannot move. Similar results have been obtained with 
substituted cyclopentane-1, 2-diols and the hydrindene-l,2-diols (Fig. 5c). 
(See p. 444 for a general discussion of dn-lrans isomerism.) 



Fig. 5o 


Fig. 5b 


Fig. 5c 


Boeseken, Jnst, intern, chim. Solvay, Conaeil chvtn. 4th Conseilf Brussels (1931) 



ALICYCLIC COMPOUNDS 


109 


The behavior of the cis- and <rons-l,2-cyclohexanediols furnishes 
striking evidence for the theory that these rings are non-planar, for nei- 
ther of these glycols increases the conductivity. This would, of course, 
be the expected result for the tram form even if the ring were planar; 
but the fact that the cis glycol does not increase the conductivity shows 
that the hydroxyl groups here are able to move apart owing to the 
flexibility of the ring. Only the non-planar ring possesses such flexibility. 

The formation of five-raembered rings of a somewhat similar nature 
has been postulated by Criegee, Kraft, and Rank,’® to explain the results 
obtained in the oxidative cleavage of 1,2-glycols with lead tetraacetate. 
They assume the intermediate formation of a heterocyclic ring contain- 
ing lead. To the formation of this ring are attributed two experimen- 
tally observed facts: first, that the reaction velocity for a cfs-glycol is 
much greater than that for a <rans-glycol; and, second, that the ratio of 
the reaction velocity of a cis fivc-membered cyclic glycol to that of a 
tram five-membered cyclic glycol is larger than the similar ratio for cis 
and tram six-membered cyclic glycols. This latter fact indicates that 
the atoms of a six-membered ring do not lie in one plane. 

Glycols tend to form cyclic acetals with acetone according to the 
following equation : ’® 

>C— OH /CTI 3 >C— 0\ /CH 3 

I + o=C< 1 >C< -b H 3 O 

>c— on Vdl 3 >C— 0 / \CII 3 

The tendency of this reaction to go is taken as a measure of the prox- 
imity of the hydroxyl groups. As would be expected, in the case of 
cti-l,2-cyclopentanediol and the cfs-indanediol the equilibrium lies far 
to the right. On the other hand, the tratis forms give no acetals. 

1,2-Glycols of the cyclohexane and tetralin series give results which 
resemble those obtained with boric acid. The tram forms give no deriva- 
tives with acetone, and in the cis forms the equilibrium lies far to the 
left. These results would appear to demonstrate that the cyclohe.xane 
ring is more flexible than the cyclopentane ring. However, the behavior 
of the 1,2-cycloheptanediols is not so easily explained on the basis of 
relative flexibilities of the rings. For here both the cis and tram modifi- 
cations readily form acetals with acetone. Moreover, both forms 
increase the conductivity of boric acid, the effect of the cis form being 
about three times as great as that of the tram. The assumption, as yet 
unproved, that the cyclohexane ring possesses a greater flexibility than 
the smaller rings leads to the prediction that these glycols should have 

Criegee, Kraft, and Rank, Ann,^ 607, 159 (1933). 

Maan, Rec» trav, chim.f 48, 332 (1929). 
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less effect than the corresponding cyclohexanediols. No completely 
satisfactory explanation of these results has been offered. 


ALICYCLIC ACIDS 


The monocarboxylic acids of this series prc'sent few problems which 
have not already b(!en encountered in the open-chain s(*ries. Th(^ intro- 
duction of a second carboxyl group, however, gives rise to geometrical 
isomerism if the two groups are on different carbon atoms. Thus, 1,2- 
cyclobutanedicarboxylic acid exists in cis and trans modifications. This 
type of acid is of great interest because of the relation betweem ring 
structure and the tend('ncy toward anhydride; formation. > 

It is a well-established fact that 1,2-ilicarboxylic acids, such as maleic 
and phthalic acids in which the carboxyl groups are near together, yill 
form monomeric anhydrides, when'as similar aeads in which the groiips 
are far apart, as in fumaric and dime'thjdfumaric acids, do not form sUch 
anhydrides, at least not without first undergoing n'orrangeanent. In the 
cyclobutane and cyclopentane scrie's, th(‘ r/.s-l, 2 -dicail) 0 xylic acids form 
monomeric anhydrides, whereas the corresponding trans forms fail to 
do so. From these results with open-chain tlibasic acads, it seems clear 
that the formation of cyclic anhydride's is conditioned by the possibility 
of the carboxyl groups coming into close proximity to each other. 

On the basis of this criterion, it. is veiy significant that in the cyclo- 
hexane series both the cis and the tra/i.s-l,2-dicarboxylic acids form cye^lic 
anhydrides. Examination of the; models shows that only the strainless 
or non-planar forms possess sufficient flexibility to permit the carboxyl 
groups of trans-hexahydrophthalic acid to approach each oth(!r. Both 
the cis and trans modifications of hexahydroisoidithalic acid form mono- 
meric anhydrides with extreme ease. Hexahydrohomophthalic acid is 
especially interesting because the anhydride of the transform is more stable 
than that of the cis modification. Wlu'n either of the; anhydride's is heat, eel 
at 220° an equilibrium mixture is formed of which 75 per cent is the trans 
anhydride and 25 per cent the cis anhydiide.®" 


CHj C H 

I I 

CHa C 11 

\:H2^ ^CO 

(cis) 

25 per cent 


\ 


...•CII 2 

CX) 

220*^ C 1 X 2 ^ 


1 . 

> 1 1 


0 

CII 2 c 

; H 

/ 


/ 

0 

0 


(frfm.x) 

75 per cent 



The correctness of the foregoing explanation of the formation of the 
monomeric anhydrides of trans modifications of acids of this type has 
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been confirmed by the synthesis of the endoethylene derivative of hexa- 
hydrophthalic acid, the trans form of which, though strainless, no longer 
possesses flexibility and, in consequence, cannot form a monomeric 
anhydride. 



CH2 CII2 CllCOall 

I I ! 

CH2 CH2 C11CO2H 



Many endocyclic bridges of this general type are known which, on the 
Baeyor tlit'ory, would involve strain but which can b(i n'presented as 
strainless if the non-planar cyclohexane ring is assumed. Among these 
are the lactones of m-4-methyl-l-hydroxylu'xahydrobenzoic acid (I), 


CH2— Clla CH2 CH2 



CH— C 0 C— CH3 CH— C — 0 CH2 



and of 3-hydroxyhexahydrobenzoic acid (II) and several of its homologs. 
I'lxamples of this type have been gr(*ally multiplied in recent years by 
use of the “diene” synthesis of Diels and Alder (p. 76). While the 
existence of compounds of the foregoing types seems difficult to reconcile 
with Baeyer’s original theory, it is interesting to note that he was the 
first to observe the remarkable degree to which the hexahydrobenzene 
derivatives resemble the corresponding nuunbers of the paraffin series. 


UNSATURATED ALICYCLIC COMPOUNDS 

The cycloalkenes can ordinarily be jirepan'd by the usual methods 
of making olefins, such as dehydration of the corresponding alcohols. 
However, owing to the instability of the rings, cyclopropene and cyclo- 
butene require special methods. These have been synthesized from the 
corresponding bromides by thermal decomposition of the appropriate 
quaternary ammonium bases. 

The simplest known cycloalkadiene is cyclopentadiene. It may be 
isolated from the fore-runnings when crude benzene is distilled, and it 
has also been found among the decomposition products of heavy paraffin 
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oil. Its tendency to polsonerize has already been mentioned (p. 76). 
Cyclopentadiene is remarkable because it has an active methylene group. 
Thus, the diene reacts with methylmagnesium iodide to give a Grignard 
reagent and methane. 

CH=CH\ CH=CHv 

I )>CH 2 + CIIaMgl I >CHMgI + CH4 

CH=CH/ CH=CH/ 


With aldehydes and ketones, cyclopentadiene condenses to give highly 
colored hydrocarbons known as fulvenes. Benzophenone, for example, 
leads to the formation of diphenylfulvene. ; 

CH=CIIv /Cells CH=C1K /Cells 

I >CH2 + OC< ^ 1 >C=C< + H 2 O 

CII=CH/ ^CcHs CII=Cn/^ ^CeHs 

Dipbenylfulvone 


Cyclobutadiene has not been prepared. Particular intc^n'st attaches 
to this structure, however, b('cause it is analogous to those of benzene 
(cyclohexatrienc) and cyclotictaletraene in having a completely conju- 
gated system. Cyclooctatetraene was found by Willstiitter ’’ to be 


CH=CH 

i I 

CH=CH 


Cyclobutadiene 


yCn==CH^ 

CH CH 

CH CH 

II II 

^CH— cn^ 

CH CH 

\cn=CH^ 

Cyclohexatrienc 

Cyclooctatet r aeno 


(benzene) 


highly unsaturated and entirely dcivoid of the properties peculiar to 
benzene and its derivatives. Because of 1 he striking similarity bet, ween 
this compound and styrene in chemical and physical properties, the 
earlier work has been questioned.^* Recently several investigators have 
attempted to find new routes to cyclooctatetraene derivatives.’® 

From a consideration of the models it was expected that the intro- 
duction of a double bond into an alicyclic ring would render the ring 
less flexible and in small rings would introduce strain or augment that 
already present. 

Some energy data are available relative to unsaturated compounds 
which offer support for the theory that a five-membered ring possesses 

Willstiitter and Waser, Ber., 44 , 3433 (1911) ; Willstiitter and Hcidclberger, Ber., 46 , 
617 (1913). 

Vincent, Thompson, and Smith, J, Org. Chem., 3 , 603 (1939) ; Goldwasser and 
Taylor, J. Am. Chem. Soc., 61 , 1260 (1939). 

79 Wawzonek, J. Am. Chem. Soc., 62 , 745 (1940) ; Fry and Fieser, ihid., 62 , 3489 (1940) 
Hurd and Drake, ibid., 61 , 1943 (1939). 
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more strain than a six-membered ring, and that the six-membered ring, 
in turn, possesses less strain than the corresponding open-chain com- 
pound. The heats of hydrogenation show that a double bond is more 
stable in a six-membered ring than in an open-chain. 

Hexene C6H12 -b H2 = C6H14 -b 30.4 Oal. 

Cyclohexene CgHio -b H2 = C6H12 -b 23.5 Cal. 

trans — — Octalin CioHie + H2 = CioHis + 24.3 Cal. 

In support of this conclusion may be cited the fact that a double bond 
in a side chain will migrate to a six-membered ring, whereas the reverse 
has not been observed unless conjugation was involved. 

The magnitude of this tendency in the six-membered ring is indicated 
by the following heats of migration: 


yCH2- 

-CH2\^ 

^CH2- 

-CH^ 


CH2 

C=CH2 - 

CH2 

C- 

-CH3 + 3.2 Cal. 

^CIls- 

-CH2^ 

^CH2- 



^CTl2CH2^^ 

^CH2- 

-CH^ 


CH2 

C=CHCH 3 - 

CH2 

c- 

-CH2CH3 + 3.6 Cal. 

^CHjCHa/^ 

^CHj- 

-ch/ 



There is some evidence that the tendency for a semicyclic double bond 
to migrate to the ring is less in the five- than in the six-membered ring. 

The cycloolefins have been found to react with phenyl azide, and 
the rate; of this addition is believcid to be a measure of the strain in the 
ring.® On this basis cyclopentenc is much more strained than the 
higher members. If these data are correctly interpreted it follows that 
strainless unsaturated rings must contain more members than the corre- 
sponding saturated rings. 

In this connection should be mentioned the Bredt rule, which relates 
to bridged rings. It states that in compounds of this type a carbon 
atom at a point, of fusion of two rings cannot carry a double bond. Thus, 
dehydration of camphenilol does not give the normal unsaturated hydro- 
carbon, but yields santene instead. 


CH2— CH— C(ClIs)2 

I 

CH2 

I 

CH2— CII— CHOH 

Camphenilol 


-H2O 
> 


CH2— CH— CCHs 

I 

CH2 

1 

CHs— CH— CCHs 

Santene 


Alder and Stein, Ann,, 601, 1 (1933). 
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This rule has proved to be very general and has been interpreted to 
mean that such structures would involve a great amount of strain. If 
the ring system involved is strainless as in 9,10-octalin the rule no longer 
holds. 

A special example of rings containing unsaturated linkages is fur- 
nished by the benzopolymcthylcnc compounds. o-Bcnzopolymcthylene 
rings are known varying in size from thn^e members to rings of very large 
size. It is of interest to note, however, that the four-membered ring of 
this series has never been prepared. The m- and p-benzopolymethylene 
rings arc very difficult to prepare. The only examples of this kind wlxich 
are known conlain rings of .sixteen and .seventeen members.®^ j 

Rings are also known which contain the ac('tylene linkage.®* Cyfclo- 
pentadecine and cycloheptadccinc have been made from the correspond- 
ing dibromides by treatment with alkali. ; 


y(CH2)6— CHBr 
CHz 

^(CHalc— (’HBr 


/(CIl2)6— C 
(’112 

^(Cllole— C 
C>teIoiM'ntudecinc 


^(CTIslrCHBr 

CH2 

^CCIIalyCHBr 


^(CH2)7-C 

CH2 

'\(CH 2 )t— c 


Cycluhcptiiducine 


BICYCLIC COMPOUNDS 

It is now believed that the cyclohexane ring is capable of existing in 
two forms (p. 321); from their shape's these are called the “saddle” and 
“chair” forms. Owing to the difficulty of separating these hypothetical 
stereoisomers, it is generally assumed that compounds possessing this 
ring pass readily from one form into the other.®^ It should be remarked, 
however, that in this transition the ring must be supposi'd to assume a 
form which involves a slight increase in the amount of strain. Proof of 
the existence of tw'O such forms has come from studies of bicyclic ring 
systems. Several of these wdll be con.sidercd in some detail. 

The simplest condensed ring system w’hich may be regarded as strain- 
less is that formed by the fusion of tw'o cyclohexane rings in the 1,2 posi- 
tions. Thus, according to the theory of Mohr (p. 69), dccalin should exist 

•‘Bredt, Ann., 43T, 1 (1924). 

Ruzicka, Buijs, and Stoll, Helv. Chim. Acta, 15, 1220 (1932). 

Ruzicka, Hiirbin, and Bci'kenoogen, ihid., 16, 498 (1933). 

Wightrnan, J» Chern, Soc,, 2541 (192G). 



ALICYCLIC COMPOUNDS 


115 


in cis and irans forms. In recent years Hiickel has been able to demon- 
strate that this type of isomerism does occur in decalin and its deriva- 
tives. The d~decaloIs will serve to illustrate the type of evidence which 
supports this view.®^ d"h)ccalol (I) has been converted through the 




CHjCOJI 

au( 

CH2CO2H 



COjH 

CHjCHjCOjH 


M. p., lOS’ 

I II III 



decalone (II) to a cyclohexanedicarboxylic acid (III) which is known to 
have the cis configuration. This decalol, therefore, is a cis form. Similar 
degradation of the decalol melting at 75° (V) showed it to have the trans 
configuration. The acid VH is re.solvable into optical antipodes and, 
thus, is proved to be the trans modification. The cis acid (III) is a meso 
form and cannot be resolved. 

Isomerism of this type has been demonstrated for the a-decalols, 
th(! a- and /3-d('calyIaminos, and a number of other derivatives of decalin. 
A similar type of isomerism is known in th(i hydrindane series. The 
jS-hydrindanol di'rived from III by ring closure and reduction exists 
in two geometrically isomeric forms (VUI and Villa) whereas that sim- 
ilarly derived from Vll exists in one racemic form (IX). 



..OH 

"H 



c: 


on 


VIII 


VIIIo 

cw-Hydrindunols 




IX 

f rans-IIy driiidanol 


An interesting point to notice is that cfs-dccalin contains 4.6 cal. 
per mole more energy than the trans form — as shown by the heats of 
combustion. This difference cannot be explained on the basis of Mohr’s 
theory. Differences of this order are to be found between open-chain 
isomers, such as pentane and isopentane. 

*‘Hackel, Forlschr, Chem,, Physik physik, Chem., 19 (4A), 1 (1927). 
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STRUCTURE 

Though the formuLition of a simple definition of the term “aromatic 
charact(*r” or “aromaticity” presents certain difficulties, it may be said 
that the most important and distinguishing characteristics of the aro- 
matic compounds arc associated with their peculiarly di minished unsatu- 
ration and with the pronounced tendency of these substances to the 
formation and preservation of type. Benzene clearly is an unsaturated 
hydrocarbon, for under suitable conditions it can be hydrogenated, but 
the compound is so much less reactive than the simple alkenes and 
alkynes that the unsaturation appears to be of a special, modified char- 
acter. The hydrocarbon reacts only slowly with bromine; it fails com- 
pletely to combine with hydrogen bromide; and, although it decolorizes 
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permanganate in a cold acidic solution sufficiently rapidly for test pur- 
poses,^ the unsaturated hydrocarbon is quite stable to al k aline perman- 
ganate in the cold. Hand in hand wth this unusual resistance to chem- 
ical attack is thc^ general stability of the benzene ring system. The ease 
of formation and the stability of the unsaturah'd ring are well illustrated 
by the production of aromatic compounds in the pyrolysis of coal and in 
such remarkable transformations as the conversion of camphor into 



p-cymene (1), or the dehydrogenation of the sesquit('r])ene a-selinene (2). 
Other examples an^ the ring enlarg('ment and aromalization occurring in 
the dehydrogenation of cholic acid (p. 1351) with selenium at a high 
temperature (3), and the conversion of /(-butyl-cyclopentane into o-ethyl- 
toluene on dehydrogenation with palladium charcoal.^ 

The special stability of the benzenoid nucleus as compared with less 
highly unsaturated cyclic systems is indicated with striking clarity by 
thermochemical data. Whereas early measurements of heats of combus- 

1 Wieland, Ber., 46, 2615 (1912). 

2 Kasansky and Plato, Ber., 69, 1862 (193(y. 
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tion* indicated that the formation of benzene from dihydrobenzene 
requires an energy input amounting to one-fifth to one-fourth that in- 
volved in the removal of two hydrogen atoms from cyclohexane or cyclo- 
hexene, it has been shown more recently by the direct determination of 
heats of hydrogenation that the conversion of 1,2-dihydrobenzene into 
benzene actually is a slightly exothermic reaction (5.6 Cal.).* It is 
almost certain that dihydrobenzenes are thermodynamically unstable 
with respect to benzene and, consequently, that reaction 4 will proceed 
in the direction indicated under the influence of a suitable catalyst. 



~1~ II 2 "t" 5.7 Cal. 


(4) 


Halogen and hydroxyl derivatives of 1,2- and 1,4-dihydrobenzene, such 
as l,2-dibromo-l,2-dihydrobenzene, hitherto have (4uded isolation, and 
the lack of stability of these compounds probably is attributable to 
similar energy relationships. 

It is a further mark of the aromatic character that the chief reactions 
of the compounds in question are substitutions rather than additions. 
The line of demarcation is by no means a sharp one, and examples will 
be cited below of additions to aromatic compounds as well as of substi- 
tutions of alkencs, but the general difference in the reaction type never- 
theless is impressive. In de'fining aromaticity, however, the type of 
reaction is given a place of secondary importance because it is in all 
probability a dir<‘ct consequence of the properties discussed above. A 
distinct paralk'lisrn is easily discernible, for where the ring system is 
particularly stabh; and inert, as it is with nitrobenzene or pyridine, only 
substitution occurs, and that with difficulty; naphthakme and anthra- 
cene are rnon' susceptible to any kind of reaction, they are more like 
alicychc ethylenic hydrocarbons, and they often yield addition products. 
It is only where the stability characteristic of the aromatic condition is 
not highly developed that an addition product of a dihydrobenzenoid 
structure is capable of existence. It is properly said that nitrobenzene 
possesses a higher degree of aromaticity than benzene and that naphtha- 
lene is loss strongly aromatic than the parent hydrocarbon. The greater 
susceptibility of naphthalene than benzene to addition reactions is a 
mark of its inferior aromaticity. 

That functional groups sometimes display a somewhat unique char- 
acter further distinguishes the benzenoid compounds. When compari- 

Stohmann and Langboin, J. prakt. Chem., [2] 48 , 447 (1893) ; Roth and v. Auwers' 
Ann., 407 , 145 (1915). 

* Kistiakowskv, lluhoff. Smith, and Vaughan, J. Am. Chem. Soe., 68, 146 (1936). 
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son is made with open-chain compounds which are unsaturated, how- 
ever, the differences often are slight. The inert nature of the halogen 
atom in bromobenzcne is encountered also in vinyl bromide, and the 
phenols are comparable in acidic strength to the aliphatic enols. Although 
the existence of diazonium compounds of the aromatic, but not of the 
aliphatic, series appears to indicate a unique property of the aromatic 
amines, it is possible that the discrepancy is due merely to lack of data 
upon which to base an accurate comparison. One real difference is that 
the hydroxyl derivatives of benzene show much less tendency to ketonize 
than do the aliphatic enols, bui this is only anotln'r manifestation of the 
special stability of the unsaturated ring or, conversely, of the thermo- 
dynamic instability of the dihydride structure of the keto form (5). 


0 OH 



H H 


Finally, it may be noted that the benzene ring not only is capable of 
persisting throughout many transformations of side chains and sub- 
stituents, but also functions as a clos('ly knit unit in which each part is 
coordinated with the whole. A substituent not only influences the 
reactivity at an adjacent carbon atom but also modifies th(! charact(5r of 
the entire ring, and the transmittance of an orienting or activating effect 
to the para as well as the ortho position illustrates clearly the special 
nature of the aromatic compounds in this respect. 

Although the formulation of a theory which will best account for the 
special characteristics of the aromatic compounds usually is referred to 
as the benzene problem, benzene is only one representative of a large 
number of cyclic substances which possess to a greater or less d(‘gree the 
properties listed above, and an adequate theoretical interpretation 
should be broad enough to include the polynuclear aromatic hydrocar- 
bons and the unsaturated heterocycles of aromatic characteristics. 
Conversely, the modification in properties produced by fusing together 
two or more benzene rings, or by the insertion of a hetero atom, may 
serve to reveal tendencies not directly discernible in the unmodified mole- 
cule. In the following inquiry into the; problem, an attempt will be made 
to assemble and evaluate the pertinent facts concerning all the aromatic 
types. 

Benzene Formulas. There is abundant evidence from the facts of 
isomerism, from hydrogenation experiments, and from crystal-structure 
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studies that benzene contains a ring of six equivalent carbon atoms, each 
carrying an atom of hydrogen. The only problem is that of accounting 
for the fourth valence of each carbon atom. Of the many solutions which 
have been suggested, only two can be said to make use of the ordinary 
conception of the valence bond, namely, the formulas of Kekul4 (1865) 
and of Ladenburg (1869).* The formulation which originally was given 
preference by Kekul6, largely because of its simplicity, has been the sub- 
ject of continued experimental investigation and debate, and there is 
much to recommend the conception of a ring system of alternate double 
and single bonds. For a preliminary examination of the various hypothe- 
ses it will be sufficient to show why many of Kekul^’s contemporaries 
were led to consider his formula inadequate and to construct alternate 
hypotheses. One much-discussed objection was raised by Ladenburg,® 
who pointed out that although the Kekule formula predicts the existence 
of only one monosubstitution product of benzene and is thus in accord- 
ance with the known facts, it allows the existence of a greater number of 
disubstitution products than are actually known. Among such deriva- 
tives there should be two ortho compounds and, when the two groups 
are different, two rneta compounds. These predictions were contrary to 


A A A A 



all experience. In many cases disubstitution products of the types indi- 
cated had been prepared by methods which utilized a different sequence 
in the introduction of the groups and only a single ortho or meta derivative 
was obtained. 

In reply to Ladenburg’s criticism, Victor Meyer ® offered the reason- 
able opinion that the distinction between the two pos.sible isomers 
probably is so subtle as to escape detection by ordinary methods. 
Kekul4,^ however, felt that Meyer’s stand was too weak, and he con- 
structed a mechanistic picture, the essence of which is that the double 
bonds are assumed to be in a constant state of oscillation between the 

* References to the early literature may be found in Beilstein-Prager-Jacobson, 
“Ilandbuch d. org. Clieniie,” 4th ed., Springer, Berlin (1922), Vol. V, pp. 173-174; good 
discussions are given in (\)hen, “Organic Chemistry,” 5th ed., Longmans, Green and Co., 
London (1928), Part II, pp. 422-408, and in Meyer- Jacobson, “Lehrbuch d. org. Chemie,’ 
Veit & Comp., Leipzig (1902), Vol. II, Part I, pp. 46-7“ 

® Ladenburg, Bcr„ 2 , 140 (1869). 

® Meyer, Ann., 166 , 293 (1870). 

7 Kekul6, Ann., 162 , 86 (1872). 
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two possible positions. This idea was open to the criticism that, regarded 
as a proposal of dynamic isomerism, it did not correspond with the dis- 
covery that the interchange between actual tautomers often occurs with 
measurable velocity. It is not so inconsistent with the modem concept 
of resonance (p. 1950), but in its time, the oscillation hypothesis only 
served to divert attention from the views based upon sound analogy and 
to weaken the standing of the double-bond formula. 

A further, rather serious objection to the Kekul6 formula arose from 
the difficulty of understanding why, if benzene contains three ordinary 
double bonds, it is so inferior to the ethylenic hydrocarbons in reactivity. 
Most of the later formulations were desigmjd to expriiss in some wa}^ the 
modified unsaturation peculiar to the aromatic compounds. The extreme 
attempt in this direction is the Ladenburg prismatic formula, whjeh 
may be said to indicate no unsaturation at all, in the ordinary sense, ahd 
thus to represent a very inert and stable molecule. In the accompanying 
formula (I), a carbon and hydrogen atom are assumed to occupy each 



corner of the figure, and the positions are numbered so as to correspond 
to those of the more familiar hexagonal formulas. In order to conform 
to the Korner principle of orientation the 1,2-, 1,3-, and 1,4-positions 
must be regarded as ortho, meta, and para, respectively. Thus a 1,4-di- 
derivative {para) would be the only isomer capable of giving rise to but 
a single monosubstitution product. 

The Ladenburg formula actually is of only historical intercjst, for it 
is disproved quite definitely by a number of observations. Some men- 
tion of the evidence may be not out of place, however, for this will at 
least show certain of the requirements which a fonnula must meet in 
order to be admissible. In point of time the first demonstration of the 
inadequacy of the prism formula was that adduced by Baeyer in his 
classical researches on the hydrophthalic acids, commencing in 1886. 
The prismatic form of benzene pictured by Ladenburg would have to 
open on hydrogenation in such a way, for example, that the 1 and 3, or 
meta, positions would be adjacent to each other in the resulting cyclo- 
hexane, as pictured in formula II. Baeyer, however, developed a thor- 
ough experimental proof that substituents in the hydrogenation products 
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are not found in the positions indicated but rather that groups attached 
in the ortho positions in benzene are located on adjacent carbons in the 
cyclohexane formed.* Further objections to the prism formula are that 
it is incapable of accounting for the polynuclear hydrocarbons and that 
it does not meet the requirements of space S 3 Tnmetry. The introduction 
of two different groups, as in formula III, would give rise to molecular 
asymmetry (p. 221), but no such simple benzene derivative has been 
found capable of resolution, and there is no instance of an optically active 
natural product which owes its activity to the asymmetry of an isolated 
benzene nucleus. 

Perhap.s the most convincing evidence is that furnished by the recent 
x-ray crystallographic studies. Investigations in this field (p. 1762) have 
shown that all six carbon atoms of benzene lie in a plane and that the 
hydrogen atoms or substituent groups radiate from the ring in the same 
plane. It is possible that the ring is slightly puckered, but any such 
deformation must be* practically mappreciable, and it certainly does not 
represent a p(!rmanent condition.* From the x-ray analyisis of hexa- 
mcthylbenzenc, and with the aid of certain inferences by Bragg* re- 
garding naphthalene and anthracene, Lonsdale determined the dis- 
tance between carbon cenbirs in the aromatic ring and estimated other 
dimensions of the h(!xam(^thylbenzene molecule. The results for this 
and other aromatic compounds obtained by various investigators are 
in substantial agreemcait with tho.se of Lomsdale, and the conclusions 
based upon x-ray measurements have been confirmed and extended by 
ai)plication of the electron diffraction method. The dimensions for the 
benzene molecule giv<'n in the accompanying figure are those reported by 
Jones.** The length of the aromatic carbon-carbon bond (1.40 A) is 
known with an accuracy of ±0.01 A, while the value for the C„romaiic — H 
bond (1.14 A) is subject to somewhat greater uncertainty. The estab- 
lishment of th(‘ planar nature of the benzene ring definitely excludes the 
prism structure pro])Osed by Ladenburg as w(;ll as several other three- 
dimensional representations which havi^ been .suggested. The.se .space 
formulas have been reviewed and criticized by Graebe ** and by Wittig,’^ 
and they need not be discussed here. 

* For reviews of this work sec; Cohen, hyc. cit., pp. 440 -449; Meyer- Jacobson, loc. 
pp. 7()4 -771. 

® Berginann and Mark, Bcr,, 62 , 750 (1929). 

» Bragg, Proc. Phys. Soc. {Jjmdon), 34 , 33 (1922) ; 35 , 107 (1923). 

Lonsdale, Trans. Faraday Soc.j 25 , 352 (1929). 

Robertson, Ckcin. Rev., 16 , 434 (1935). 

Jones, Trans. Faraday Soc., 31 , 1036 (1935). 

13 Graebe, Ber., 35 , 520 (1902). 

Wittig, “Stereochemie,” Akadornische Vcrlagsgcsellschaft, Leipzig (1936), pp. 157- 
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The experimentally determined distance separating adjacent carbon 
centers in the benzene ring is 1.40 A, and this may be said to represent 
the length of the ordinary ortho bond. It will be seen from the figure 
that a valence linkage between para carbon atoms would constitute a 
bond twice this length (2.80 A). This value is considerably greater than 
the distance between carbon centers in any known type of compound, 



as can be seen from a comparison with the results obtained for various 
kinds of Unkages: C — C bond in diamond, 1.54 A; C — C bond in 

graphite, 1.42 A; CaUphatic — ^'aUpimtir bond in normal alkanes, 1.54 A; 
Caromatic — Caliphatie boiid in alkyl bciizenes, 1.47-1.50 A; C==C bond in 
benzoquinone, 1.32 A. It is evident that an aromatic para bond would 
represent something quite unlike any known type; of linkage, and conse- 
quently that all formulas for benz(me which employ such a bond must 
be considered as being of a purely speculative nature. While it is possi- 
ble that an adequate solution of the benz('ne problem can be found 
only with the aid of some special hypothesis with regard to valence, it 
is well to differentiate clearly between those theoretical concepts which 
arc based upon analogies with known comjjounds and those which postu- 
late a type of linkage not encountered among non-benzenoid compounds, 
and formulas utilizing the idea of a para bond clearly belong to the 
second, speculative, group. 

One of the earliest of the suggestions utilizing the para bond is the 
diagonal formula of Claus. The idea of a direct connection to both the 
ortho and para positions was considered to be of great advantage in 
providing a mechanism whereby a substituent can exert an influence in 
both these positions, and the hypothesis was particularly attractive 
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during the years when little or nothing was known concerning the nature 
of conjugated systems and 1,4-additions, and hence when it was not 
yet possible to understand the close relationship of the para carbon 
atoms on the basis of the Kekul6 formula. Even with these modern 
developments, the Claus formula has continued to receive occasional 
attention, as for example in the electronic interpretation of the diagonal 
formula proposed by Pauling.^'^ That the Claus formula assumes a con- 



Claus, 1867 


figuration for the carbon atom which departs widely from the normal is 
perhaps an insufficient reason for its rejection. That it calls for three 
valence bonds of twice the ordinary length, and that it requires the 
assumption that these special bonds confer upon the molecule a remarka- 
ble degree of staliility, classifies the hypothesis as being not only specula- 
tive but improbable. Since aliphatic carbon-carbon bonds are slightly 
longer and slightly weaker than the aromatic linkage between ortho 
carbon atoms, it may be inferred that a long bond connecting para car- 
bon atoms in the benzene ring would represent a very weak linkage. 
The diagonal formula, therefore, would imply an extremely reactive 
molecule quite different in properties from benzene. Pauling subse- 
quently called attention to this defect in the hypothesis which previously 
he had supported. The chemical evidence is of a negative character, 
but it points in the same direction. By partial hydrogenation (Baeyer) 
or by ring cleavage (Th. Zincke) one of the unsaturated linkages can be 
opened under conditions not likely to affect the remaining centers of 
unsaturation. The latter apjx'ar in the reaction products not as para 
bonds but as ordinary double linkages. Examples of such reactions will 
b(i given later. 

The theoretical objections to a para bond of any sort apply equally 
well to the structure suggested by Dewar and utilized in Graebe’s anthra- 



Dewar, 1867 Graebe, 1867 


cene formula. There is some justification for representing the meso 
carbon atoms of anthracene as being connected by a long, weak bond in 
order to account for the great reactivity at these positions, and the 

PauliiiK, J. Am. Chem. Soc., 48, 1132 (1926). 

Pauling and Wheland, J, Chem, Phys.^ 1, 362 (1933). 
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Graebe formula will be given further consideration in a later section. 
As applied to benzene, the formulation received little attention until 
revived by Ingold in 1922 in order to account for the transmission of 
a directive influence to the para position. Some secondary hypothesis 
is required to provide for the knowm symmetry of benzene, and Ingold 
considered the Dewar formula to be an intermediate phase of oscillation 
between the two Kekul6 structures. It would, however, represent far 
too reactive a structure to have a finite existence in the chemical sense, 
for activity would arise not only from the para bond but also, as remarked 
by R. Robinson,’® from the two isolated ethylenic linkages. 

The Armstrong-Ba('yer centric theory represents a speculation! of 
still another kind. The fourth valence of each carbon atom is not con- 
sidered to b(' coniK'cted to any other atom but is pictured as beipg 
directed toward the center of the nucleus. It is supposed that the paiv 



Armstiong-Haeyer, 1887 


tial valences effect a neutralization of energy at the center, that by their 
mutual action the combining power of each is rendered latent. The 
centric formula has had a certain appeal because it gives formal expres- 
sion to the fact that the benzene ring possesses certain peculiarities, but 
one might argue that the same purpose would be served by the use of 
a plain hexagon labek'd “Ar.” The hypothesis of stabilizing partial 
valences in no way solves the mystery of the stabilitj’- of the ring; it 
simply states the problem in a different way. The lines directed toward 
the center are not intended to represent free valences, and it is dif- 
ficult to assign to them any real physical meaning except, perhaps, that 
the formula may be taken to indicate a cluster of six electrons at the 
center of the carbon ring. This and other (dcsctronic concc'ptions will be 
discussed below. For the present it may be noted that, since the centric 
formula is beyond the reach of experimental evaluation, its only claim 
to merit would have to be derived from a demonstration of its usefulness 
in the correlation of facts. Bamb(;rger attempted such a correlation 
in the field of those unsaturated heteyclerocs which possess to a greater 
or less extent the properties characteristic of the aromatic condition. 
His representations of a few of these substances are shown in the formu- 

" Ingold, J. ('hem. Soc., 121 , 1133 (1922). 

Robinson, Ann. Repts. Chem. Soc. {London), 29 , 86 (1922). 

Armstrong, J. Ch(nn. Soc., 61 , 204 (1887) ; Baeyer, Ann., 246 , 121 (1888) ; 261 , 285 
(1889); 269 , 188 (1892). 

Bamberger, Ber., 24 , 1758 (1891); Ann., 273 , 373 (1893). 
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las. The formula for pyridine resembles closely that for benzene, and 
the trivalency of nitrogen is in accord with the fact that pyridine forms 
stable salts and alkyl halide addition products. In pyrrole, however, 
the nitrogen atom is assumed to be pentavalent, and the fact that this 
heterocycle does not form stable salts is laid to the utilization of the 
salt-forming valences of nitrogen in contributing to the centric system 
of the ring. In the same way, thiophene and furan are regarded as con- 
taining tetravalent hetero atoms, and indeed the former compound does 
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not add alkyl halides. According to Bamberger, all these heterocycles 
resemble benzene in having six valences directed toward the center, and 
he took it as axiomatic that the aromatic character is in each case due 
to the hexacentric system. 

This view, though interesting and suggestive, is open to certain objec- 
tions. In a paper of 1894, Knorr-^ criticized Bamberger’s formulas for 
pyrrole and pyrazole on the ground that open-chain compounds having 
only alkyl grouj)s or hydrogen atoms joined to pentavalent nitrogen, 
analogous to the hypothetical structures, wore entirely unknown. The 
hypothesis becoin(\s no more rtiasonable now that such compounds have 
been discovered, for tiny are highly unstable substances entindy dif- 
ferent from pyrrole, and the fifth alkyl group is held by a valence which is 
very closely akin to a polar bond (p. 1837). It may be argued further 
that some of the alkylated pyiTokis do appear capable of salt formation, 
while retaining the aromatic i)roperties. It is also worth noting that 
the weak basicity of pjTrolc can be explained just as well by means of the 
double bond formula (IV). On this basis, the heterocycle is comparable 
with an imide (V) or with diphenylaraine (VI), and the lack of strong 
salt-forming (lualilics is attributable to the presence of unsaturated sub- 
stituents joined to nitrogen -* (sec p. 210). 

Like Armstrong and Baeycr, Thiele sought to account for the dimin- 
ished unsaturation of benzene by the use of a novel concep tion of the nature 
of valence. Starting with the Kekul4 formula, and with the idea that 


Knorr, Ann., 279, 188 (1894). 

** Marckwald, Ann., 279, 1 (1894). 
«Thielo, Ann., 306. 125 (1899). 
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a partial valence is associated with every unsaturated atom, Thiele sup- 
posed that the six partial valences of benzene, VII, neutralize each other 



in pairs to form three inactive double bonds, as in VIII. The original 
double bonds are thereby rendered inactive as well, and the distinction' 
between these l)onds and the newly formed linkages may be so slight 
that the final result is perhaps best represented as in IX. Any difference' 

VII VlII 

Thiele, 1899 

between ortho positions vanishes, and benzene is rejiresented as a sym- 
metrical ring of six inactive, .semi-doulile bonds which are regaided as 
conferring upon it a special stability. Thiele’s second formula amounts 
to practically the same thing as the centric formula, for in each case 
there is pictured an internal neutralization of the fourth valenc(!s of ihe 
ring atoms. There is the difference, hoAvever, that, although Thiele did 
not provide a theoretical mechanism whereby the suppo.sed neutraliza- 
tion or dampening might take place, and although the partial valences 
cannot be said to possess a physical reality, Thiele did develop a con- 
ception of the reason for the inertness of the benzene ring based upon a 
rational comparison with open-chain compounds. It is quite generally 
true that a conjugated system Ls more stable and more prone to function 
as a unit than a system of the same degree of unsaturation but lacking 
the feature of conjugation. According to the Kekuld formula, benziuic 
contains a particularly symmetrical, closed conjugated system of double 
and single linkages, and this feature may well confer upon the molecule 
a .special stability. It is difficult to see any great advantage in the 
attempt to express this idea by means of a special formula such as VIII, 
for the curved lines have no significance in terms of the modern con- 
ception of the nature of the chemical bond. The simple Kekul4 formula. 
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interpreted as indicating a special type of conjugation, serves just as 
well, and the contribution of Thiele to the general problem was in con- 
centrating attention on this interpretation. 

Although this structural feature is doubtless of considerable impor- 
tance, it appears that the idea of conjugation alone does not solve the 
problem. If the aromatic character of benzene were attributable solely 
to a sjTnmetrical, cyclic system of alternate doriblo and single bonds, 
cyclooctatetraene (X) might be expected to possess the same inert, 
stable character as benzene. Willstatter prepared a hydrocarbon 

CH=CH 

/ \ 

CH CH 

II II 

CH CH 

\ / 

cn=CH 

X 

presumably having this structure and found that the substance is yellow, 
decolorizes permanganate instantly, foims a dibromide and a hydrogem 
bromide addition product, and rearranges easily when in a slightly 
impure condition to a more stable product, possibly having a bridged 
structure. Hurd and Drake “ have noted that no proof was pro- 
vided that the Willstatter hydrocarbon has a conjugated system, and 
they have expressed the view that the substance conceivably may have 
contained an allenic group. Goldwasser and Taylor,^® finding that cyclo- 
octene on catalytic dehydrogenation at temperatures above 400° gives 
styrene, suggested that the supposed cyclooctatetraene may have been 
styrene, but in view of Willstatter’s identification of cyclodctane as the 
product of the catalytic hydrogenation of the unsaturated hydrocarbon 
this conjecture hardly seems admissible. Confirmation of the structure 
and properties of the hydrocarbon, to be sure, is highly desirable. At- 
tempts to synthesize benzo and dibenzo derivatives of cyclooctatetraene 
have been initiated.^’ If Willstatter’s observations regarding cyclodc- 
tatetraene are sustained, the properties of the hydrocarbon perhaps con- 
stitute a serious objection to the Kekul6 cyclohexatriene formula for 
benzene. It is possible, however, that the real anomaly may be in the 
nature of cyclooctatetraene rather than benzene (see p. 213). In 
comparison with certain open-chain conjugated polyenes whose proper- 

Willstatter and Waser, Bar., 44 , 3423 (1911); Willstatter and Heidelberger, Ber. 
46 , 517 (1913). 

Hurd and Drake, J, Am. Chem. Soc.f 61 , 1943 (1939). 

Goldwasser and Taylor, ibid.^ 61 , 1200 (1939). 

27 Wawzonek, ibid., 62 , 745 (1940) ; Fry and Fieser, ibid., 62 , 3489 (1940). 
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ties will be discussed in a later section, Willstatter’s cycloQctatetraene 
appears to be more reactive and less stable than would be expected, and 
the compound may not provide a sound basis for the evaluation of the 
Kekul6 formula. 

Attempts to synthesize cyclobutadicne thus far have resulted in 
failure, but from the nature and outcome of the attempts it appears 
likely that if the hydrocarbon is capable of existence it is a highly reac- 
tive and unstable compound wholly unlike benzene. A comparison of 
the conjugated four- and six-membered unsaturated structures is hardly 
appropriate, however, for the cyclobutadiene ring could b(^ formed only 
with considerable departtire from the normal tetrahedral angles and 
would surely be under significant strain. The element of strain probablj^ 
docs not arise with either benzene or cyclooctatetrac'ne. \ 

It is appropriate to conclude this discussion of formulas and theoA 
retical interpretations with an account of the electronic formulations', 
(p. 1970) of benzene, for these give a more concrete expression to the 
older representations and hi'lp to clarify the problem. In the electronic 
representation of the Kekule formula (XI), the carbon atoms are con- 
nected alternately by a pair of shared electrons, and by two such jjairs. 
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The only essentially different formulation (other than the resonance con- 
cept discussed on p. 207) is that first suggested by Kauffmann “ and 
written by Kermack and R. Robinson ^ as shown in formula XII, the 
electrons connecting the nuclear carbon atoms being distributed evenly 
in triplets. The formula can be written in various ways without altering 
the essential id(;a which it is intended to convey. The six electrons not 
required for the single binding of the carbon atoms may be n'garded as 
forming a stable association having an un.specified location in the cefiter 
of the ring,®" for example, or the formula may be written as in XIII. The 
sextet of central electrons is supposed to confer upon the molecule its 
special aromatic character. Go.ss and Ingold pointed out that the 
aromatic heterocyclic compounds can be cornilated with benzene by 

Kauffmann, “Die Valenzlehre,” Enke, Stuttgart (1911), p 539. 

Kermack and Robinson, J, Chem. Soc., 121 , 427(1922). 

Armit and Robinson, ihid.^ 127 , 1604 (1925). 

Goss and Ingold, ibid,, 1268 (1928). 
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adopting Bamberger’s hypothesis regarding the valence of the nitrogen 
atom in the five-membered rings. Pyrrole, for example, can be assigned 
the formula XlVa or XIV6, the latter giving particular prominence to 
the aromatic sextet. Bamberger’s “rule of six” thus finds an exact 
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electronic counterpart, but the latter is no more accurate as an empirical 
classification than the former, and atomic-structure theory offers no 
explanation for the supposed rule that the sextet of electrons is responsi- 
ble for the stability of the aromatic nucleus. 

The electronic formulas XII and XIII, originating in the suggestion 
of Kauffmann, may be represented in various simplified forms, as indi- 
cated. A little reflection will show that the essential idea which any of 
the formulas is intcnidc'd to express is exactly the same as that given by 

••pH •• 

cii cii 

cii CII 

• •*cii’‘ 

Kauffmann Thiele Arrastrong-Baoycr 



Thiele’s second formula, namely, that there is no distinction between 
any of the six bonds in the ring and that these are all of a different char- 
acter from any known type. It is hkewise evident that if the centric 
formula of Armstrong and Baeyer can be given any intcu’pretation in 
terms of the modern conception of valence it must take the form of this 
same Kauffmann structure, which for this purpose might be written as in 
formula XIII, above. All the formulas under dLscu.ssion are really equiv- 
alent, and the idea which they represent, and which may be said to be 
embodied in the hypothesis of a centric-electron structure, is that all six 
carbon-carbon linkages are identical. This view in no sense explains the 
stability of the aromatic ring, but it suggests that this is in some way 
dependent upon a central electron-smear containing just six electrons. 
The suggestion is necessarily vague, for it is difficult to see how the static 
formula can be translated in terms of a dynamic, orbital structure. The 
position of the heterocycles in this scheme also must be regarded as 
highly speculative. The fundamental assumption of complete symmetry, 
however, represents a perfectly definite point of view and one which is 
perhaps capable of being tested. 
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Of the other formulas which have been discussed, that of Ladenburg 
is quite definitely excluded, and the formulas of Claus and of Dewar are 
so highly improbable that they also may be ruled out. The only alterna- 
tive to the above view is that represenhid by the Kekiil4 formula, and 
it matters little whether this is written with bonds or with electrons, or 
whether Thiele’s curved lines of neutralization are included, so long as 
these arc given no physical meaning and understood merely to draw 
attention to the conjugation. 

Here, then, are two quite definite views regarding the constitution 
of the aromatic compounds. The one postulates the presence in benzene 
of three double bonds; the other holds that there are no such linkages. 
According to one formulation the two ortho positions may be different, 
and according to the other they are quite indistinguishable. Out of the 
enormous accumulation of facts regarding the reactions of the aromatw 
compounds there should be evidence sufficient to distinguish betweeii 
the two possibilities, and in the following pages an effort will be mado 
to evaluate the pertinent material. It also may be possibk^ to show that 
one formula or the other offers a better explanation of certain facts and 
hence is the more likely to be true. Since the Kekule formula alone can 
be compared with known typos, it must bear the entire burden of the 
proof, with respect to both the direct and the circumstantial evidence, 
and the following survey will consist largely of an inquiry into the 
validity and the usefulness of the Kekul6 formula. 

The Question of the Presence of Double Bonds. Evidence derived 
from reactions of synthesis and of degradation lacks conviction because; 
of the possibility that the double bonds known to be presemt in the 
starting materials, or found in the degradation products, disappear with 
the formation of the ring, or appear with its rupture. It may be said 
only that the Kekule formula offers a ready and satisfactory interpreta- 
tion of such reactions. Examples of syntheses which would be expected 
to yield cyclohexatriene derivatives are found in the polymerization of 
acetylene at 500° to benzene, the formation of mesitylene from acetone, 
and Barbier and Bouveault’s “ synthesis of pseudocumene (1). As ex- 
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amples of degradations which seem to reveal the presence of double 
bonds in the aromatic nucleus, mention may be made of the oxidation of 
benzene by catalytic methods to maleic acid (2), and of the oxidation 
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of the hydrocarbon in the organism of the dog to muconic acid (3) . 
Another reaction which appciars to follow the course ordinary for unsat- 
urated compounds is the oxidation of /3-naphthol with iM'rmanganate ^ 
or with peracetic acid (yield, 73 per cent) to o-carboxycinnamic acid (4). 



More secure <nddence for the presence of double bonds in aromatic 
rings is furnished by the isolation of certain products of addition. 
Addition products are encountered much less frequently with benzene 
than with th(! polynuclear hydrocarbons, but a few definite examples of 
such substances are known. Although benzene is somewhat more resis- 
tant to hydrogenation than open-chain unsaturated compounds, the 
absorption of thi-ee mol(!S of hydrogen proceeds smoothly when a suit- 
able catalyst is used and all traces of thiophene are eliminated from 
the hydrocaibon. Benzene also is capable of adding three moles of chlo- 
rine or of bromine without liberation of hydrogen halide. The reactions 
proceed rapidly under the accelerating influence of light and in the 
absence of oxygen, which has a pronounced auticatalytic effect.*® The 
reaction with ozone is particularly convincing, for with ordinary com- 
pounds the formation and degradation of an ozonide is taken as excellent 
evidence of the presence of a pair of unsaturated carbon atoms. The 
reaction of benzene with ozone does not proceed very smoothly, but 
there is formed a triozonide which undergoes decomposition in the usual 
way to give glyoxal.*’ An addition involving only one of the three 
centers of unsaturation has been observed in only a single instance. 

Jaff6, Z. physiol. Chnn., 62 , 58 (1909). 

Ehrliith and Benedikt, Monatsk., 9 , 527 (1888). 

Bdeseken and von Konigsfeldt, Roc. trav. chim.^ 64 , 313 (1935). 

Luther and Goldberg, Z. physik. Chcm.f 56 , 43 (1900). 

Harries and Weiss, /?cr., 37 , 3431 (1904); Harries, Arm., 343 , 311 (1905). 
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Buchner®* found that diazoacetic ester reacts with benzene at 150° with 
loss of nitrogen and addition of the acetic ester residue to adjacent posi- 



tions in the ring. The formation of a norcaradiene carboxylic acid ester 
is entirely analogous to the production of cyclopropane esters from 



+ II >CHC02R rCHC02R + Nz 

N/ 


aliphatic ethylenic compounds. Similar products were obtained from'i 
toluene and the three xylenes, while with mesitylene the cyclopropane 
derivative, if formed, is isomerized at once to a cycloheptatriene deriva- 
tive. 

Though it is possible with the aid of suitable assumptions to account 
for these reactions on the basis of the centric electron formula, the sim- 
plest explanation of the formation of addition products in the reaction 
of benzene with ethylenic reagents is that ethylenic bonds are present 
in the molecule. Consequently, it is a matter of importance to consider 
more fully the possible location of these bonds in some of the substitution 
products of benzene. 

The Question of Isomeric Kekule Forms. The fact that isomeric 
ortho compounds have not been discovered is a far Ic'ss valid objection 
to the Kckul6 formula today than when Ladenburg originally raised the 
question. A similar argument was once cited against the Sachse-Mohr 
non-planar formula for cyclohexane, and for many years the fonnula was 
rejected largely because it predicted two isomers where none were found. 
Isomeric forms of cyclohexane itself are still unknown, and yet on the 
basis of other evidence the Sachsf>-Mohr theory (p. 69) has been firmly 
grounded. There is reason to believe that more than one form of cyclo- 
hexane can exist, but that the difference between the forms is very slight 
and that the transformation of one form to another can be accomplished 
with very little expenditure of energy. This is no true analogy to the 
case of benzene, but rather an interesting historical parallel. There are, 
however, some analogies for the interconversion of possible isomers by 


** Buchner and Curtius, Ber., 18 , 2377 (1885) ; Buchner, Ber., 29 , 106 (1896) ; Buchner 
and Delbriick, Ann., 358 , 1 (1908) ; Buchner and Schulze, Ann., 377 , 259 (1910) ; Buchner 
and Schottenhamrner, Ber., 63 , 865 (1920). 
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the shifting of double bends. Methods calculated to yield the methoxy- 
indenes I and II have been found to give a single compound.®* Another 

CH3O CUsO 
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I II 


example is from the field of the heterocyclic compoiind.s. Knorr found 
that each of the isomeric pyrazole derivatives, III and V, can bo con- 
verted by oxidation of the substituted N-phcaiyl group, and decarboxyla- 
tion, into a mcthylpyrazole. The sann; product was obtained in each 
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case, and consequently it is seen that the structures IVa and IV6 prob- 
ably reiirescnt mobih; tautomers. This methylpyrazole, it may be noted, 
is in every sense an aromatic compound, for it can be nitraU'd or sul- 
fonated, and on oxidation the methyl group is attacked rather than the 
ring. 

Pairs of isomers no more exist in these instances than with ordi- 
nary ortho derivatives of benzene, and this is Irue even though the 
interconversion involves, in addition to a shifting of double bonds around 
a symmetrical ring, the migration of a hydrogen atom. The view of 
Victor Meyer that the difference between the ortho isomers would be 
so slight as easily to escape detection appears to be altogether rational. 
Graebe took much the same view, but added the further suggestion 
that for each ortho compound one of the Kekul6 structures may be 
slightly more stable than the other, and that the conversion to this more 
stable form probably takes place with great case. Reddelien further 
remarked that the ortho isomers should be regarded as tautomeric, and 
he exprc.ssed the view that the introduction of heavy groups might 
stabilize one tautomeric form to the extent that this might bo detectable, 
possibly by some delicate diagnostic reaction. He suggested the use of 
ozone, and it is interesting to note that this reagent has indeed been found 

Ingold and Piggott, J. Chem. Soc,^ 123 , 14G9 (1923). 

Rcddelion, J. prakL Chem,, [2] 91 , 213 (1915). 
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to serve the purpose. Levine and Cole obtained three products from 
the ozonization of o-xylene, namely, glyoxal, methylglyoxal, and diacetyl. 
Neither form of the xylene could yield all three oxidation products, and 
hence it was concluded that the hydrocarbon consists of an equilibrium 
mixture of the two Kekul6 forms. This important observation has been 
repeated and fully confirmed by Wibaut and Haayman,^* who isolated the 
three carbonyl compounds as the oximes in total yield of 20 per cent and 
in the ratio calculated for a mixture of equal parts of the two Kekul6 
forms. 

Mills and Nixon were led to suspect that the attachment of an 
alicyclic five-membered ring may result in a stabilization of one of the 
Kekul6 forms, or a fixation of the bond structure in the benzenoid nxxr 



cleus. According to the van’t Hoff model, the fiex; bonds in the system 
>C=C< of an aliphatic compound lie in a i)lane, and the angle a 
between each pair of single bonds is the same as t hat between the carbon 
valences of methane (109.5°). The angle j3 which tlu^ single bonds make 
with the plane of the double bond is then -|(3G0°-109.5°) = 125.25° 
(see Fig. 2a). The angles /3 and y are in this case identical and they are 



Fig. 2a 



considerably greater than the angle a. When the double bond becomes in- 
corporated into a Kekul4 ring (Fig. 25) the situation is altered slightly, for 
the internal angle 7 is reduced from 125.25° to 120° to accommodate ring 
formation and a + ^ consequently is increased by 5.25°. Whether this 

“ Levine and Cole, ./. Am. Chrni. Soc., 64 , .338 (1932). 

Wibaut and Iliiayman, Nature^ 144 , 290 (1939); Science, 94 , 49 (1941). 

^ Mills and Nixon, J, Chem, Soc., 2510 (1930), 
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increment is considered to increase one or the other external angle, or 
to be distributed proportionately between them, jS will remain appreci- 
ably larger than a. The conclusion is reached that the external valences 
in the Kckul4 ring are not directed toward the center of the hexagon but 
are inclined at a greater angle from the double bonds of the ring than 
from the single bonds. Mills and Nixon reasoned further that a five- 
memberod ring can be fused to the Kekul4 structure with little distortion 
of the normal tetrahedral angles if it is attached to orlho carbon atoms 
joined by a single bond (position x. Fig. 26), for two of the smaller a 
angles arc then incorporated in the new ring. If, however, the attach- 
ment were made to doubly bound carbon atoms (y), the new ring includ- 
ing the j8 angles would be under considerable strain. In consequence of 
these relationships, the Kekul(5 form of hydrindene in which the carbon 
atoms common to th(5 two rings are joined by a single bond should be 
more free from strain, or more stable, than the alternate form in which 
there is a double linkage between the rings. 

As a means of testing this prediction of the stereochemical theory. 
Mills and Nixon inv(!stigat(^d the diazo coupling and the bromination of 
5-hydroxyhydrindene, the two Kekul6 fonns of which are shown in 
formulas Via and VI6. The coupling reaction of phenols is closely related 
to the coupling of aliphatic enols with diazotized amines, and it is rea- 
sonable to suppose that in each case the reaction involves an enolic 
double bond, — C(OH)=CH — . Similarly, the ready brominations of 
phenols and enols appear to be related phenomena and the processes 
very proljably take place by analogous im'chanisms. Without making 




any specific assumptions regarding the manner in which the enolic double 
bond participates in these reactions, it can be inferred that the ortho 
coupling and ortho bromination of phenols involve substitution at the 
carbon atom connected to that carrying the hydroxyl group by a double 
linkage, rather than at the alternate ortho position. If the bonds of 
5-hydroxyhydrindene are fixed in the positions shown in Via, coupling 
and bromination should occur at the enolic ortho position 6, while the 
alternate form of the compound, VI6, should be substituted at position 
4. Mills and Nixon found that the substance is attacked very largely 
in the 6-position (arrow), and this seemed to bear out the theoretical 
deductions. The observation, however, loses some of its significance 
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because of the fact that as-o-xylenol (VII) yields similar substitution 
products, for this might mean that the chemical effect of the alicyclic 
ring is sufficient, without assistance from a steric factor, to direct sub- 
stitution largely into one of the two available ortho positions. On the 



other hand, the contrasting behavior of 6-hydroxytetralin (VIII) was 
considered by Mills and Nixon to support the alternative interpretation . 

A preferential reaction at one of two available ortho positions may 
be th(i result of an only moderate preponderance of one of the tautomeric 
Kekule forms, or of a slight difference in reactivity between them, an^ 
does not- necessarily indicate a rigid fixation of the bond structure. A 
test cal(!ulat('d to detect any fixation of a major character was applied by 
Fieser and Lothrop ^ and, more ext(;n.sively, l)y Lothrop.^’’ Diazo coup- 
ling t('sts were made with 5-hydroxy-6-mcthylhydrindene, IX, in which 
the 6-position is blocked and only the alternate ortho position 4 is 
available, and of the derivative X in which this situation is reversed. 



Both compounds were found capable of forming azo derivatives, and in a 
weakly alkaline medium coupling with diazotized /j-nitroaniline occurs 
in (^ach case to about the same extent as observed with 2,4-dimethyl- 
phenol. The only difference noted between IX and X is that the coupling 
of the former is inhibited by strong alkali somewhat more effectively 
than is the coupling of the latter compound, or of /3-naphthol. Alkyl 
derivatives of 6-hydroxytctralin similarly showed no fixation of one or 
the other bond structure. The introduction of a blocking methyl group 
at the 7-position (XI) does not interfere with co\ipling at position 5, and 
the 5-substituted derivative XII is attacked readily at the free position 
7. Lothrop found further that the allyl ethers of the hydroxyhydrindenes 
IX and X undergo the Claisen rearrangement to o-allylphenols without 

** Fie.ser and I.othrop, J. Am. Chem. Soc., 68 , 2050 (1930) ; 69 , 945 (1937). 

« Lothrop. ibid., 62 , 132 (1940). 
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diflSculty. Parallel observations were made in the fluorone scries.^® The 
results indicate that if any bond fixation exists among hydrindene and 
tetralin derivatives it can be at most of a qualitative nature and is not 
comparable with that characteristic of naphthalene (see below). 



XI XII 


Various observations do indeed indicate that a certain qualitative 
differentiation exists between the two Kekul6 forms of hydrindene, with 
respect to stability or abundance, and that this is in the direction pre- 
dicted by Mills and Nixon. Sidgwick and Springall approached the 
problem by studying the dipole moments (p. 1752) of suitabk^ w-diliromo 
substituted compounds. The moment of the; group Br — C — C — Br in 
6,7-dibromotetraIin (XIII) w'as found to be 2.13, and this corresponds ex- 
actly with the re.sult obtained for the .similarly constituted dihromo-o- 
xyhme and agri'es wiill with the value calculated on the assumption 
that there is no bond fixation (2.12). For the hydrindene derivative 



XIII XIV 


XIV, on the other hand, the observed moment of 1.78 indicates an 
e.ssential difference in structure and is close to that calculated on the 
basis of the Mills-Nixon hypothesis that the angle between the oriho 
linkages extending to the bromini! atoms is abnormally large;. Studies 
of competition reactions and of relative reactivities of hydrindeaie 
derivatives {loint in the same direction. The use of derivatives of 
the hydrocarbon for the investigation of bond structure introduces 
some element of uncertainty because of the possibility that the sub- 
stituent may tend to stabilize one of the Kekul6 forms. Long and 

« Lothrop, ibid., 61. 2115 (1939). 

Sidgwick and Springall, Chemistry Industry, 476 (1936) ; J, Chem, Soc., 1532 
(1936). 

Lindner and co-workers, Monatsh., 72, 354, 355, 361 (1939). 

Baker, J. Chem, Soc., 476 (1937) ; McLeish and Campbell, ibid., 1103 (1937) ; Sandin 
and Evans, J. Am. Chem. Soc., 61, 2916 (1939). 
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Fieser “ found application of the diagnostic ozonization method to hy- 
drindene to be complicated by the oxidation of a considerable amount of 
the hydrocarbon to a-hydrindone. From the part of the material which 
underwent normal ozonization, the only cleavage fragments isolated 
were those arising from the Kekul4 form postulated by Mills and Nixon 
to have preferential stability. Under the conditions of the experiment 



HO 2 CCH 2 \ 

I + C02( 

no2CCH2 


cyclopentanedione-1,2 is converted, probably through the cnol, into 
succinic acid. 

The observations as a whole show that, although there is no rigid 
fixation of bonds in the hydrindenc system, a definite i)r(!ference exi.sts 
for one structure. 

Other instances of a preferential stabilization of one Kek\il4 form are 
reported by Baker. From a study of various o-hydroxy-ac(!tophenones, 
this investigator came to the conclusion that the formation of a six- 
membered chelate ring (p. 1868) containing coordinately linked hydi’o- 
gen, as shown in formula XV, is dependent upon the presence of a double 
bond between the carbon atoms bearing the hydroxyl and acetyl groups. 


/°\ 


! II 

=C H 

1 T 
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=C 0 
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\c^ 
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CHs 

1 

CIIs 

XV 

XVI 


The conjugation of this double bond with that of the acetyl group appar- 
ently stabilizes the coordinate linkage, and if no double bond is available 
at this position, as in XVI, chelation docs not occur. From these con- 
siderations it seemed possible that the formation of a chelate ring might 

®°Long and Fieser, J, Am. Chem. Soc., 62 , 2670 (1940). 

Baker, J, Chem, Soc., 1084 (1934). 
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determine the Kekul4 structure to a detectable extent, and in order to 
test this point Baker and Lothian “ investigated the Claisen rearrange- 
ment (p. 189) of the 4-allyl ether of resacetophenone, XVII. In this 
compound, chelation between the hydroxyl and acetyl groups would 
require the presence of a double bond in the 1,2-position, and conse- 
quently this would result in a stabilization of the Kekul4 structure shown 
in the formula. The migration of an allyl group from oxygen to carbon 



XVII XVllI 


occurs with aliphatic enols as well as with phenols, and no reasonable 
mechanism for the reaction can be devised without assuming the partici- 
pation of the double bond: — C(OCH 2 CH=CH 2 )==CH > — C(OH) 

= C(CH 2 CH==CH 2 ) — . If the bond structure of the resacetophenone 
ether XVII is fixed as shown, the allyl grouj) should migrate to the 3- 
jiosition to give XVIII, and it was found that this isomer is indeed formed 
in not less than 85 per cent yield. That the; course of the rearrangement 
is controlled by the chelation in the molecule was established by the 
riisults of an experiment with 2-0-mc( hyl-4-0-allylresacetophenone, XIX. 
Th(> replacement of thi* phenolic hydrogen atom by a methyl group makes 
chelation impossible, and consequently tlu'rc should be no fixation of a 
Kekul4 structure. On learrangement of the ether it was found that the 
allyl group migrates largely to the 5-position, giving the usual type of 
symmetrically substituted product. The contrasting behavior of the 
free hydroxy compound, XVIII, therefore is of definite significance. In 
ordei- to gain some idea of the extent of the bond fixation in chelated 
compounds. Baker and Lothian investigated the rearrangement of the 



XIX XX 


ether XX, in which the migration of the allyl group to the favored 3- 
position is prevented by the presence of a blocking group. The rear- 
Baker and Lothian, G28 (1935). 
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rangement of the substance proceeded somewhat slowly, but the fact 
that a reaction was observed shows that the bond structure is not en- 
tirely rigid. The unusual ortho substitution observed with XVII, how- 
ever, shows that chelation can exert an influence in displacing the 
equilibrium between Kekul6 tautomers, and similar observations were 
made m a study “ of o-hydroxyproijiophenones and o-hydroxybenzal- 
dehydes. 

The recognition of cases in which differences exist between alternate 
ortho ])ositions in the nucleus is opposed to the idea that all six of the 
nuclear linkages in the ring are id(nitical. The evidence cited constitutes 
a serious argument against all the many formulations embodying the 
concept of a centric structure. On the other hand, the feature of t|ie 
Kekule formula which originally was considered to be a weakness of this 
theory now apfxiars to provide a means of accounting for phenomena 
which are not otherwise undeistandablc. 

Comparison of Benzene with Conjugated Compounds. Though th^ 
evidence above favors the; Kekul4 theory, thc're remains for consideration 
the problem of accounting for the iiK'rt character of benzene in terms of 
the cyclohexatriene formula. The classical objection that this formula 
appears to represent a condition of far greater reactivity than is actually 
observed was based originally on a comparison of benzene with simple 
substances such as ethylene and acetylene, and the diffenuices in the; 
nature of the characteristic reactions and in the reactivities are of course 
enormous. It has l^ecome apparent, how(‘ver, that the double bond 
shows surprising differences in reactivity according to its environmtnit 
(p. 631). An (extreme illustration is that, although cthy]cn(^ adds bromine 
with ease, the double linkage! of tetraphenylethyleiu! remains unattacked 
while bromine atoms enter the foxir phenyl groups.^ 

(C6n5)2C=C(C6H5)2 + 4Br2 (CJl4Br)2C=C(C6ll4Br)2 + 4HBr 

In this highly substituted ethylenic hydrocarbon the relative reactivity 
of the simple typeis is reversed, i)o.ssibly because of the conjugation of 
the double bond with the! phenyl groups. 

It is indeed rather with open-chain compounds which are conjugated 
that benzene is most properly compare!d. It may appear odd that the 
double bonds of benzene are inert to hydrogen bromide whereas this 
reagent adds easily to ethylene, but an entirely similar inertness is 
exhibited by diphenylbutadiene, CeHsCH— CHCH==CHC 6 H 5 . V arious 
conditions of reaction have been tried, but under no circumstances has 

Baker and Lothian, ihid., 274 (19.36). 

“Biltz, Ann., 296, 231 (1897); Bauer, Ber., 37, 3321 (1904). 
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an addition of hydrogen bromide to this hydrocarbon been observed.^ 
In a study of the properties and transformation products of the a-nitro 
derivative of diphenylbutadiene, Wieland and Stenzl “ observed further 
indications of the relatively saturated character of the conjugated sys- 
tem of the compound and of the marked tendency of dihydro derivatives 
to revert to the more stable diene type. The substance may be said to 
possess definite “aromatic” characteristics. 

Still more illuminating is the comparison affoj-ded by the work of 
Kuhn and Winterstein on the series of dij)henylpolyenes of the general 
formula C6H5(CH==CH)„C6H5- One of the most striking observations 
recorded is that these polyenes are all unusually resistant to oxidation 
by permanganate and that the most stable member of the series is 
diphenylhexatriene (I). The hydrocarbon is attacked hardly at all by 
permanganate in soda solution, and in acetone, the triene is oxidized 
more slowly than diphenylethylene, diphenylbutadiene, or even diphenyl- 
octatfitraenc. The difference in reactivity is by no means as great as 
that between benzene and cyclooctatetraene, but the results indicate 
that probably the length of the conjugated system is a factor of some 
importance. Diphenylhexatriene also resembles benzene in the stability 

CH=CHCII=CnCH=CII 

I 

of the \insaturated system in comparison with the dihydride structui'c. 
The (libromide is not a stable substance but readily reverts to the triene 
type by the loss of bromiiu',. On hydrogenation in the j)resence of palla- 
dium charcoal, the triene system is completely reduced and, as in ben- 
zene, interiiKHiiate di- and tetra-hydrides appear to be more easily 
reduced than the starting material, for they are not present in the mix- 
tures obtained on partial hydrogenation. Using platinum oxide and 
a .suitable solvent it is pos.sible to hydrogenate also the phenyl groups 
at the ends of the chain. The rings are attacked somewhat less readily 
than the chain, but the difference is not great. 

With the use of aluminum amalgam the diphenylpolyenes can be 
converted into dihydro compounds, the addition of hydrogen occurring 
at the ends of the open-chain conjugated system. Diphenylhexatriene 
(I), for example, yields dibenzylbtitadieiu!, II. The dihydro derivatives 
such as II are highly reactive, easily polymerized substances, and they 
lack entirely the peculiar stability, or near-aromatic character, of the 

Hinrichsen, Ann., 336 , 189 (1904) ; Zincke and Miihlhausen, Bcr., 38 , 757 (1905). 

Wieland and 8tenzl, Ann., 360 , 306 (1908). 

Kuhn and Winterstein, Helv. Chim, Acta, 11 , 87 (1928). 




144 


ORGANIC CHEMISTRY 


more highly unsaturated compounds. The marked change in properties 
attending the reduction seems to be attributable to the fact that the 
addition of hydrogen breaks the conjugation of the original polyene 
system with the unsaturated centers in the terminal aromatic rings. 


CH2CH=CHCH=CHCH2- 


The new polyene system established in a dihydro derivative is separated 
from these rings by methylene groups and consequently occupies an 
isolated position in the chain. It is apparent that an open-chain polyepe 
system attains maximum stability when it is conjugated with phetiyl 
groups at the ends of the chain. It is but a step further to the more 
perfect conjugation of benzeiu', when' the hexatricnie system ends ^ 
itself. The special chai-acter of the aromatic ring perhaps is due; largely 
to a type of conjugation which by its nature cannot be n'produced ex^ 
actly among open-chain compounds. 

In the aliphatic series, conjugation of a carbonyl group with an ethyl- 
cnic linkage or a dieme system often promotes, or appears to promote, 
reactions at these centers. MucoJiic acid, for example, is easily reduced 
by sodium amalgam and alcohol to the dihydride (1). Whether or not 


C02H 

1 

CO2II 

1 

1 

tnl 

1 

CH2 


/ 

CH 

V 

CH 

i| 

CH 

II 

CH 

\ 

\ 

CH 

CH2 

1 

CO2H 

1 

CO2H 


( 1 ) 


the reaction proceeds through a primary addition to the carbonyl groups, 
it finds an exact parallel, at least on the basis of the Kekul6 formula^ in 
the reduction of tcrephthalic acid by the same method (2). Another 

CO2H H CO2H 
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example is in the forced Grignard reactions discovered by Gilman and 
by Kohler (p. 606), where a phenyl group conjugated with an unsatu- 
rated side chain participates in a 1,4-addition. 

An interesting comparison of another sort is that l-phenyl-4-amino- 
butadiene, C6H6CH=CHCH— CHNH 2 , was found by Muskat to re- 
semble aniline in being stable in the amino, rather than the imino, form. 
Attempts to prepare eneamines, >C==C(NH 2 ) — , ordinarily yield 
instead the corresponding ketimines, >CHC(=NH) — . The same 
worker “ found that bromine adds to the terminal bond of vinylacrylic 
acid and that the product easily loses hydrogen bromide to give the 
3-bromo derivative (3). The series of reactions forms an interesting 
parallel to meta substitution in the benzene ring, as in the conversion 
of benzoic acid to the m-bromo derivative. 

There is ample evidence that aromatic substances resemble open- 
chain conjugated compounds in many ways, and the objection that the 
Kekul6 formula does not adequately rcpnisent the inert character of the 
ring largely vanishes when comparison is made with suitably constituted 
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compounds. Further exploration of open conjugated systems is highly 
desirable, for this may be expected to afford a further insight into the 
nature of the closed systems. 

The Structure of Naphthalene. Much of the literature pertaining 
to the structure of naphthalene bears the imprint of a theoretical con- 
cept introduced by Bamberger ^ in summarizing the results of his 
classical studies of the reduction of naphthalene derivatives. Bamberger 
had found that naphthalene can be reduced easily to tetralin (I) by 
means of sodium and boiling amyl alcohol, and that the reaction stops 
with the introduction of four atoms of hydrogen. Under similar condi- 
tions a-naphthol is attacked almost entirely in the unsubstituted ring, 

Muskat and Griinslcy, J. Aw.. Chem. Soc.^ 66, 3762 (1933). 

Mtiskat and co-workers, ibid., 62, 326, 812 (1930). 

Bamberger, Ann., 267, 1 (1890). 
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giving or-a-tetralol (II), while /3-naphthol yields chiefly ac-|8-tetralol 
(III), a product of the alternate type. Because compounds of the 
naphthalene scries can be reduced by reagents which leave an isolated 
benzene ring untouched, Bamberger regarded naphthalene as endowed 
with special properties w'hich place it in a class distinct from benzene. 
He called attention to the peculiar character of the naphthols, which, 
in contrast to phenol, yield ethers on reaction with an alcohol and a 
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mineral acid. Such special properties vanish on partial hydrogenation; 
according to Bamberger, for the unsaturated ring of tetralin resists', 
further reduction with sodium and then^fore is truly benzonoid, and 
ar-a-tctralol (II) forms no ethers by the method indicated and is a true 
phenol. The ring of naphthalene which is susceptible^ to reduction is 
not aromatic, so the argument runs, and, since both rings appear to be 
identical, naphthalene contains no truly benzonoid, or aromatic, rings. 
Bamberger concluded that naphthahme is fundamentally different from 
benzene and must be assigned some special formula. 

The argumeuit appears fallacious because it confuses differences in 
degree with differences in kind. The differences cited are merely mani- 
festations of a greaten- reactivity of the naphthalene system as compared 
with th(! isolated t«‘nzem> nucleus. There is considerable variation in 
reactivity in the benzene series itself, and the line of demarcation is not 
as sharp as was at one time supposed. Though the formation of ethers 
under the conditions of the Fischer esterification reaction is in general 
characteristic of naphthols and not of phenols, the prc'sence of activating 
groups may render a compound of the benzene series cajjable of entering 
into the reaction. This is true, for example, with phloroglucinol.®^ An- 
other supposedly special property is that a- and /3-naphthylamine couple 
directly with diazonium salts to give aminoazo compounds, whereas 
primary amines of the benzene series usually give diazoamino compounds 
in the initial reaction and yield azo derivatives only by the subsequent 
rearrangement of the product. In a discussion of the coupling reaction 
given later in this chapter, reference will be made to the observation that 
direct couphng may be achieved also in the benzene series by selecting 

Will and Albrecht, Ber., 17 , 2106 (1881) ; Weidel and Poliak, Monatsh., 21 , 22 (1900) 
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suitable conditions or by using sufficiently reactive components, and it is 
clear that no fundamental difference is involved. The only significance to 
be attached to these and other interesting comparisons is that the 
unsaturated system of naphthalene is more reactive, more susc(>ptible to 
attack, than that of benzene. Naphthalene is characterized by a gen- 
erally greater susceptibility to oxidation, reduction, and substitution, 
particularly in the a-position, but there is no more justification for 
attempting to represent these facts by means of a special formulation 
than there would be for a particularly reactive benzene homolog. The 
fact that the carbonyl group of a ketone is more reactive than that of an 
ester is not a suflacient reason for suppo.sing that the kind of unsaturation 
is different in the two compounds. 

Bamberger even went so far as to use different formulations for a- 
and ;8-naphthol Ix^caust' of the diffc^rent direction of the reduction in the 
two cases, but further hydrogenation studies have eliminated any experi- 
mental basis for such a hypothesis. By the selection of suitable catalysts, 
j8-naphthol can be tetrahydrogenated in either ring.® The course of 
the catalytic hydrogenation of the hydrocarbon itself can be summarized 
in the following statcaneuts. With nickel catalysts naphthalene is con- 
verted first into tetralin and then, more slowly, into decalin. Platinum 
catalysts usually give similar results, but Willstatter ® found that, with 
one particular type of catalyst containing very little oxygen, decalin was 
])roduced directly from nai)hthalene without the intermediate formation 
of tetralin. Zedinsky ® found, conversely, that decalin on partial dehy- 
drogenation at 300° yi<‘ld(‘d naphthalene and unchanged d(?calin, but no 
tetralin. To the extent that such reactions can be relied upon, they 
affoi’d some indication that naj)hthalene has a symmetrical structure. 

Although reduction and hydrogenation studios have figured even 
more prominently in the theoretical discussions of the literature than is 
indicated by the brief review given above, they cannot be said to have 
contributed gi'eatly to the solution of the problem. Attempts have been 
made to deduce the structure from quantum mechanics,® and from stud- 
ies of various physical properties of naphthalene derivatives, including 
molecular refractions,® dipole moments,®’ ® dissociation constants,*® ab- 

lliickcl, /1 7m.. 461 . 100 (19201. 

Willstiittor and Halt, lit r., 46 , 1480 (1912) ; Willstatter and Seitz, Bcr., 66 , 1388 
(1923). 

Zelinsky, licr., 66, 1723 (1923). 

Punling and Whcland, J. Chem. Phys., 1 , 302 (1933). 

V. Auwers and Friihling, Ann., 422 , 200 (1921) ; v. Anwors and Krollpfoiffer, Ann. 
430 , 243 (1923). 

Hanipson and Weissberger, J. Chem. Soc., 393 (1930). 

Bergmann and Hirshberg, ibid., 331 (1930). 
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sorption spectra,*® and Raman and infrared spectra,™ but the results have 
not been decisive. 

A chemical criterion of the structure was recognized by Marckwald 
in 1893. Marckwald called attention to the marked difference between 
the two positions ortho to the functional group of jS-naphthol or jS-naph- 
thylamine, and he observed that the symmetrical Kekul6 formula for 
naphthalene suggested by Erlenmeyer (1866) provides a rational inter- 
pretation of the difference. As applied to j8-naphthol, this formula (IV) 
Qjj indicates that the ortho carbon atom at position 1 
is joined by a double bond to the atom carrying 
the functional group, while the connection betw^n 
the alternate ortho position 3 and position 2 is |by 
means of a single linkage. One ortho carbon at^m 
is part of an enolic unit, while the other is not, and, if the bonds arc 
immobile, the difference in the functions of the two ortho positions ^s 
easily understandable. Many facts have accumulated in support of the 
view that there is a double bond at the 1,2-position and a single bond 
at C 2 ”C 3 . 

One line of evidence is from the coupling reaction, or rather from its 
failure in certain specific cases. /3-Naphthol couples at position 1 , but 
if this position is blocked by a stable group (alkyl), as in V, no coupling 
with diazotized amines occurs. A less stable group (carboxyl, halogen) 
at the 1-posilion is displaced by the reagent, and in no case is the other 
ortho position attacked. The failure of V to react cannot be ascribed 




to the known lower degree of reactivity of the /3-positions of naphthalene 
in comparison with the a-positions, for 4-methyl-l-naphthol (VI) couples 
easily in the /3-position, C 2 . It is not merely a difference in the degrc(i 
of reactivity which is involved, but a difference in kind, and the only 




" do Laszlo, J. Am. Chem. Soc., 60 , 892 (1928). 

Kohlrausch, Her., 68. 893 (1935). 

” Marckwald, Ann., 274 . 331 (1893); 279 , 1 (1894). 


( 1 ) 



AROMATIC CHARACTER 


149 


plausible explanation is that the double bond required in some way for 
the coupling is available at one position and not at the other. The 
conversion of jS-naphthyl allyl ether into l-allyl-2-naphthol by the 
Claisen reaction (1) represents a substitution by way of an intramolecular 
rearrangement (p. 189), and it conforms to the same rules. An alkyl 
substituent at the 1 position effectively prevents the rearrangement.'^ 
If the reaction is considered to consist in an shift, it may be said that 
the failure of a 1-substituted ether to rearrange shows that the carbon 
atom at position 3 cannot form the end of an a,y system, and hence that 
the double bond is incapable of migrating to the 2,3-position, even at the 
boiling point of the ether. The Skraup reaction, which may involve still 
anoth(!r type of substitution, formed the central point in Marckwald's 
discussion of the problem. The pyridine ring produced in the Skraup 
reaction of /3-naphthylamine with glycerol, sulfuric acid, and an oxidizing 


( 2 ) 


agent (2), extends to position 1 and not 3, and Marckwald found that in 
similarly constituted compounds a methyl group at position 1 prevents 
the reaction while a broininc; atom may be displaced. Apparently there 
is a genei al disposition for cyclization to occur in such a way that the new 
ring includes a double bond of the original ring system, although Fries ’’ 
has noted that, this is not an invariable rule, for l-chloro-2-naphthylaraine 
yic'lds a considerable amount of th(^ linear tric 3 'clic compound in which 
the, chlorine atom is intact. 

Further evidence of a fixed bond structure in at least a part of the 
naphthalene molecule is furnished by reactions involving the replace- 
ment or modification of a functional group rather than a nuclear .substi- 
tution. An interesting case is the etherification of naphthols wdth an 
alcohol, using an acid cataly.st (3).^'* * Davis found that the etherifica- 
tion is almost completely stopp(‘d by a halogen atom or a nitro group 
in the l-position, and Fieser and Lothrop observed that alkyl groups 
in this position also strongly inhibit the reaction. It was found that the 
effect of substitution at the alternate ortho position 3 is of an entirely 

’2 Claisen, Drr., 45 , .3157 (1912). 

Fries, Anti., 616 , 285, footnote (193.5). 

Lieberinann and Hagen, Her., 15 , 1427 (1882). 

♦ The conversion of naphthols into dinaphthyl ethers, observed by Graebe, Bit., 13 
1849 (1880), probably is a modification of the same reaction. 

Davis, J. Chem. Soc., 77, 33 (1900). 

7® Fieser and Lothrop, Arn, Chem. Soc.^ 57, 1459 (1935). 
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different nature. An alkyl group at C3 actually promotes the etherifica- 
tion reaction, and the influence is about the same when the alkyl group 
is located at position 6 in the adjoining nucleus. A bromine atom im- 
pedes the reaction to some extent when it occupies either the 3- or the 6- 
position. The influence of a substituent at- C3 therefore .appears to be of 
a chemical, and not of a stereochemical, nature. The proximity in space 



VII VIII 

of the substituent to the hydroxyl group evidcmtly is not a factor of im- 
portance. An apparently related obsiirvation is that p-nitrophenol fails 
completely to react under conditions .sufficiinit for accomplishing a partial 
etherification of phenol itscilf.” From the limited information available, 
it appears that groups which facilitate ordinary aromatic substitutioils 
promote the etherification when located at certain positions otiu'r than 
Cl, whereas groups which r(!tard aromatic substitutions (m-directing 
groups and halogen atoms) have the opposites (iffeiit. Substituents of both 
types, however, effectively block tla; etherification when located at 
position 1. It may be inferred that this blocking is not ordinary steric 
hindrance, for it occurs only wh(!n the group in (picstion is situated at 
one of the two oiiho positions. That one of these; positions has double- 
bond characteristics which the other lacks se(>ms to provide' an adequate 
basis for interpreting the difference. A mechanistic (;xplanation of the 
etherification reaction was suggesked liy ir(;nry and extended by Weg- 
scheidcr,” who suppos(;d that an intermediate addition product is formed 



VIII + H2O 


(4) 


and subsequently loses water (4). If alcohol ind('(;d adds to the 1,2- 
double bond, the blocking effect of a substituent attached to this linkage 
at the 1-position would be understandalile. 

While formula IX represents .an intermediate which is purely hypo- 
thetical, Bucherer ™ isolated an addition product from )3-naphthol and 

Wegsoheider, Monatsh., 16 , 75 (1895); 18 , 629 (1897). 

Henry, Ber., 10 , 2041 (1877). 

^•Bucherer, J. prakL Chem.t 69 , 49 (1904). 
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sodium bisulfite which Vorozhtzov regarded as having an analogous 
structure, X. The substance may be an intermediate in the amination 


H H 



X 


of /3-nuphthol w'ith bisulfite and ammonia (Buchcrer niaction), and it is 
possible that the conversion of j 8 -naphthol into / 3 -naphthylamine with 
ammonia alone involves a similar addition. Here, an alkyl group at the 
1 -position should inhibit the reaction. Vorozhtzov has pointed out that 
the failure of phenol to react with ammonia in the manner of the naph- 
thols is merely because the mononuclear compound does not possess the 
requisite reactivity. Amination can be accomplished with the more re- 
active phloroglucinol. 

Convincing evidence that the double bonds of naphthalene are not 
free to migrate is furnishc'd by the extensive series of inv('stigations initi- 
ated by Th. Zincke and extended by Fries on the halogcnation of 
naphthols and naphthyl amiiK's. A p-alkyl phenol with two free ortho 
positions is halogonaUKl first at one of these positions and then at the 
other. If the first reaction in some way involves an enolic double bond, 
it is evident that th(! second substitution is preceded by the migration of 
the double bonds in such a way as to provide an enolic grouping suitable 
for this reaction. In contrast to this behavior, l-chloro-2-naphthol does 
not form a 1,3-dihalo derivative but yields instead the ketohalogenide 
XII.®* ®^ Zincke interpreted the niaction as involving an addition to the 
1 , 2 -doublc bond, and, if this interpretation is correct, it may be said that 


Cl Cl Cl 



XI XII 


the halogen molecule, finding no such linkage at C 2 -C 3 , adds in this man- 
ner even though a blocking substituent is present. Friiis ®® has noted that 
the velocity of addition to — CCl=C(OH) — probably is less than to 
— C(OH)=CH — , were the latter system available. The overall reac- 

Vorozhtzov, Bull. soc. chim., [4] 35, 996 (1924). 

Zincke, Ber., 21 , 3378, 3540 (1888). 

** Fries and Schimmelschmidt, Ann., 484 , 245 (1930). 

»» Fries, Ann., 454 , 121 (1927). 



152 


ORGANIC CHEMISTRY 


tion represents an equilibrium process, for Fries and Schimmelschmidt 
found that the transformation pictured in the formulas can be reversed 
by the action of hydrogen chloride and a halogen acceptor. 

Many other ketones of analogous structure have been isolated and 
thoroughly characterized. The methylketochloride XIII is obtained 


H3C Cl H3C NO2 Br NO 2 



xrii XIV XV 


by the chlorination of l-methyl-2-naphthol, while the nitro ketoijes 
XIV and XV result from the a(;tion of nitric acid on the 1-substitutbd 
naphthols.*® The ketonitro bromide XV is converted smoothly into 
jS-naphthoquinone when a solution of the substance in benzene is warmed 
gently.*® An interesting member of the series is the mixed halogenide 
XVI, which has been prepared from both 1-bromo- and l-chloro-2- 


C1 Br 



XVI 


naphthol.®* That the same compound results in each case eliminates the 
possibility that one of the halogen atoms is attacluid to oxygen. The 
hypohalite formulation for the type of compound under discussion is ex- 
cluded by an abundance of other evidence, for example that furnished by 
Zincke’s exhaustive study of the further haloginiation and alkaline 
cleavage of the keto dichloride XII. On treating the mixed halogenide 
XVI with zinc and acetic acid to effect reversion to an aromatic structure, 
the more reactive bromine atom is eliminated in preference to chlorine. 
Among other extensions of the abundant (‘xperimental evidence in this 
field which points to a fixation of the bond structure of naphthalene is the 
further study of the homo- and heteronuclear halogonation of /3-naphthol 
conducted by Fries and Schimmelsejhinidt.®^’ ®® 

The ketonic substance XIX represents the product of a different type 
of reaction and belongs to the 1,4- rather than the 1,2-dihydronapthalene 

Fries and Hempelmann, Ber., 41 , 2614 (1908). 

Fries and Hiibner, Bcr., 39, 435 (1906). 

88 Fries, Ann., 389, 315 (1912). 

87 Zincke, Ber., 21 , 3378, 3540 (1888). 

88 See also Bell, J. Chem. Soc., 2732 (1932). 
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senes. The compound was isolated ** as a by-product of the synthesis 
of vitamin Ki hydroquitione (XVIII), from methylnaphthohydroqui- 
none and phytol in the presence of oxalic acid. The by-product evidently 
arises from some form of addition of the reactive / 8 ,Y-unsaturated alcohol 



to the 1 , 2 -bond of the starting material, and the formation of the normal 
product XVIII may be the result of an addition at the 3,4-position. 

A different method of probing for centers of un.saturation which 
involves no disturbance of these centers was developed by Mills and 
Smith.*® The location of the >C>=N — bond of the isoquinoline nucleus 



was established by noting its activating influence on a methyl group at 
Cl, and the absence of such an influence on a methyl group at C 3 . 1 - 

Mcthylisoquinoline (XX) condenses with benzaldehyde and other re- 
agents, while the 3-isomer (XXI) is incapable of entering into such reac- 
tions. The activity of the methyl group of quinaldine (XXII) likewise 
can be attributed to the presence of a C : N linkage in the position 
shown.®'^ The observations indicate that quinoline and isoquinoline are 
analogous in structure to naphthalene. 

The extensive and varied evidence leaves little ground for questioning 
the conclusion that the two ortho positions of d-naphthol differ in kind. 
The only rational interpretation that has been given of this striking fact 
is that the double and single bonds in a Kekul 6 ring are fixed in the 
a,/3- and /3)i8-positions, respectively. 

The establishment of the positions of the unsaturated centers in one 
part of the naphthalene molecule does not settle the problem of the 
complete bond structure. The facts cited may be explained on the basis 

Tishler, Fieser, and Wendler, J. Am. Chem. Soc., 62 , 1982 (1940) 

»“ Mills and Smith, J. Chem. Soc., 121 , 2724 (1922). 

Henrich, Ber., 32 , 008 (1899). 
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of either the symmetrical formula used above or the unsymmetrical 
structure XXIIIo, although in the latter case some additional assump- 
tion would be required regarding the failure of the substance to exist in 
the alternate unsymmetrical form XXIII6. Fieser and Lothrop™ ex- 



XXIIIa XXIIli 


tended to 2,6- or 2,7-dihydroxynaphthaIenc methods of investigation 
employed in the case of /3-naphthol. If 2,7-dihydroxynaphthalene |has 
the fixed symmetricial structure XXIV, it should be attacked by substi- 
tuting agents at the two cnolic ortho positions 1 and 8, but if it has \he 



XXIV XXV 


unsymmetrical structure XXV the disubstitulion should occur at the 1- 
and G-positions. Airtually, coujiling occurs at the 1- and 8-positions,®'^ but 
one might recon cilc the observation with the unsymmel rical formula XXV 
by supposing that ttu; first substituent enters at Ci and that the bonds 
then shift to the alternate unsymmetrical arrangement and provide an 
enolic group at Cr-Cg for the entrance of the next azo group. The same 
interpretation might be given of the observation that 2,7-dihydroxy- 
naphthalene is converted into a dimethyl (ithcr on treatment with 
methanol and an acid catalyst, although on face value this result seems 
to favor a symmetrical formulation.®® In order to settle the matter un- 
equivocally, Fieser and Lothrop investigated various 1,8-dialkyl deriv- 
atives of 2,7-dihydroxynaphthalenc. If such a compound has the 
symmetrical structure XXVI, it should be incapable of ortho substitu- 
tions in the free positions 3 and 6, but if it exists in the form XXVII, or 
if it can tautomerize to this form having an available enolic ortho position 
at Ce, monosubstitution should be possible. Compounds of this type, as 
well as various l,5-dialkyl-2,6-dihydroxynaphthalenes, were tested for 
phenolic properties with entirely negative re.sults. They do not couple, 
and their allyl ethers do not rearrange. This evidence indicates that the 
naphthols have the symmetrical .structure of the Erlenmeyer formula and 

Ruggli and Courtin, Heh. Chim, Acta, 16 , 110 (19.32). 

” V. Weinberg, Ber., 64 , 2168 (1921). 
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that tho arrangement of the bonds represents a condition of considera- 
ble rigidity. 



XXVI 


R 11 



One further piece of chemical cvidcnc,c which has reference to the 
bond structure as a whole is tho failure of 2,3-dihydrox3Tiaphthalene to 
yield a quinone on oxidation. The observation was cited first by 
Marckwald,’^ and in recent years it ha.s beiai demonstrated both by 
chemical and electrochemical evidence that this is not due to the lack 
of stability of the hypothetical 2,3-naphthoquinone, for it is never pro- 
duced, but rather to the formation as a primary oxidation product of a 
univalent-oxygen free radiiial. The two hydroxyls function independ- 
ently and not, as when the; c.arbon atoms holding such groups are 
connected by means of a double bond, as a unit. The compound does 



not appear capable, of existing in the unsymmetricial form (XXVIII) 
having an enediol grouping. Fries and Bestian have found 4,5-divi- 
nyhiatcchol to be similarly nisistant to quinone formation, an observation 
which they interpret as indicating bond fixation approaching that of the 
naphthalene derivative. 

The evidence cited indicates that naphthalene has the symmetrical 
structure and differs from benzene in having a more rigid and a more 
reactive conjugated system of linkages. The reason for these differences 
is a separate problem. A simple and plausible solution has been sug- 
gested by Fries.*® Naphthalene, he considers, has little tendency to exist 
in the unsymmetrical form because one of the rings would then have to 
depart from the aromatic condition and ai^quire the bond structure of the 
highly reactive o-benzoquinone, or the character of the thermodynami- 
cally unstable 1,2-dihydrobenzenc. The resistance to the acquisition of 
quinonoid or dihydride chai’acteristics accounts for the lack of stability of 

Fries and Srbimmelschmidt, Ber., 66, 1502 (1932). 

Fieser, J. Am. Chem. Soc., 52 , 5219 (1930). 

••Fries and Bestian, Ann., 633, 72 (1937). 
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this structure. In the Erlenmeyer formula neither ring is perhaps an 
entirely true benzenoid nucleus because the central bond is shared be- 
tween the two rings and conjugated in different directions, but each 
approaches as nearly as possible the stable condition of an isolated ben- 



Unstable Reactive Unstable 


zene ring. The tendency to approach this condition, which appears to 
be the most important feature characteristic of the aromatic state, 
results, in the case of naphthalene, in the suppression of oscillation.®^ 

The factor recognized by Fries as determining the bond structure of 
naphthalene is operative as well in other polynuclear aromatic com) 
pounds, and it will be convenient to refer to the important generalization 
in the discus.sions which follow as the Fries rule. This rule states that 
eaeh aromatic ring of a polynuclear compound tends to assume the bond 
structure which most nearly approaches the condition of an isolated 
benzene ring. 

The enhanced reactivity or unsaturation of naphthalene, as compared 
with benzene, is manifested particularly in the a-positions of the mole- 
cule. The greater suscei)libility to attack is indicated by the occurrence 
of reactions und(!r conditions such that benzene remains largely unal- 
tered. Naphthalene, for example, can be oxidiz(‘d to 1,4-naphthoquinone 
in appreciable yield (16 per cent),*® and it is converted into 1,4-dihydro- 
naphthalene by the action of sodium and alcohol.*® The point is dem- 
onstrated further in competitive reactions, for example, by the observa- 
tion that the condensation of naphthalene with phthalic anhydride 
can be conducted in benzene solution with no appreciable contamination 
of the naphthoylbenzoic acid with bcnzoylbenzoic acid. In these reac- 
tions, as in most substitutions, the a-positions are attacked preferenti- 
ally. Fries ®^ expressed the view that the restriction to the migration 
of the bonds is directly responsible for the increased ease of reaction. 
The double bond shared between the rings, he notes, is subject to valence 
claim from two directions, and an equalization of valence in the two 
rings cannot be attained as fully as in an isolated benzenoid ring. In 
consequence, the two nuclei are less aromatic and more unsaturated than 
true benzene rings. 

Fries, Walter, and Schilling, Ann.^ 616 , 248 (1935). 

Plimpton, J, Chem. Soc., 37 , 634 (1880) ; Japp and Miller, ibid., 39 , 220 (1881). 

Bamberger and Lodter, Ber., 26 , 1833 (1893) ; Straus and I-«emmel, Ber., 46 , 232 
(1913). 

•loo Heller and Schiilke, Bcr., 41 , 3633 (1908). 
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The mere proximity of the a-position in one nucleus, but not the 
j8-position, to an adjoining aromatic ring, may be a factor of some impor- 
tance in contributing to the reactivity at this position, and such an 
effect would not necessarily be associated with the bond fixation. It is 
evident from halogenation experiments that in ethylbenzene or tetralin 
the a-position, but not the /3-position, of the side chain or alicyclic ring 
is activated by the unsaturated benzenoid nucleus. Although it is not 
easy to interpret a comparison between saturated and unsaturated side 
rings,, some a-activation in the case of naphthalene seems possible. An en- 
lightening comparison of strictly additive reactions involving unsaturated 
systems may be made between the reduction of naphthalene with sodium 
and alcohol and the reduction of 1 ,4-diphenylbutadiene, and of other 
diphcnylpolyencs, with aluininuin amalgam.” In each reduction, hydro- 



gen adds to the ends of a conjugated system, as indicated by the arrows, 
and the reaction then stops. 1,4-Dihydronaphthaleno is reducible to 
tetralin by the n^agesnt employed only after rearrangement to the 1,2- 
dihj'dride. In the diphcnylpolyencs, which in general chemical proper- 
ties bear much more than a superficial resemblance to naphthalene, 
the reactive positions are at the two ends of the conjugated aliphatic 
system terminating in benzene rings. In naphthalene the centers of 
special reactivity are similarly situated, for the conjugated system 
pre.sent in ring B is also anchored at the two ends, in this case into the 
same aromatic nucleus (A). The two hydrocarbons appear to be analo- 
gous in structure and in their behavior on reduction, and possibly the 
same factors are involved in determining their properties. 

One further inference concerning naphthalene may be drawn from 
the thermochemical data pertaining to the hydro(!arbon and its dihydro 
derivatives.^^ As stated above, naphthalene on reduction is attacked 
at the 1,4-positions, and the reaction is slightly exothermic. The 1,4- 




Roth and v. Auwers, Arm., 407, 172 (1915). 
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dihydridc is not a very stable compound, for the alley die double bond 
occupies an isolated position, and this easily migrates to a more stable 
position conjugated with the unreduced nucleus. The rearrangement 
is attended with the liberation of heat. Stated in another way, the data 
show that the conversion of 1,2-dihydronaphthalene into naphthalene 
is an endothermic process. The heat of dehydrogenation is only about 


11 H 

.H 



one-third that reqiain^d for the establishment of an aliphatic ethylenic' 
linkage, but the point of greatest significance is that this aromatization \ 
requires a fairly considerable input of energy, whereas the aromatization \ 
of 1,2-dihydrobenzene is an exothermic reaction (p. 119). Though many 
substituted dihydro derivatives of benzene probably are thermody- 
namically unstable! with re'spect to the fully aromatic structures to which 
they can revert, it app(!ars that this is not true in the naphthalene series, 
and consequently a simple explanation is available for the existence of 
dihydronaphthalene derivatives of types randy (^countered in the ben- 
zene series, and for the frequent occurrence of reactions which sc!em to 
proceed through an inti'rmediati! addition product of dihydride structure. 

The relatively greater stability of 1 ,2-dihydronai)hthalene, with 
respect to the aromatic structure, than of 1,2-dihydrobenzene, is easily 
accounted for. The dihydrid(!s have the nucl(!ar bond systems of /3- 
naphthoquinone and of o-benzoquinone, respectively, and an accurate 
measure of the relative stability of the systems is available in the oxido- 
reduction poUmtials of the (iuinon(!S. The pertiiKuit data arc! iiuiluded in 
Table I, along with values for the potentials of various quinones derived 
from pol 5 rnuclear hydrocarbons. That /3-naphthoquinone has a lower 
potential than o-benzoquinone means that it has less tendency to undergo 
reduction, that its quinonoid ring is more stable and less prone to change 


0 



= 25.6 Cal. 
(aq. solii.) 


o 

more stable than 

-AF26‘’ = 36 6 Cal. 
(aq. soln.) 



to the aromatic condition which it acquires in the hydroquinone. The 
free energies of reduction, calculated from the expression — AF = nFEo, 
are appended to the formulas, and it is seen that the fusing of a benzene 
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ring to one of the ethylonic linkages of the mononuclear quinone results 
in a great diminution in the driving force of the reduction, or in a stabili- 
zation of the molecule. The result is easily understood, for an ethylenic 
linkage which in the benzoquinonc is highly unsaturated, and which 
therefore contributes to the reactivity of the quinonoid system as a 
whole, is, in the naphthoquinone, incorporated in a benzenoid ring and 
rendered comparatively inert. 

The same explanation applies to the similarly constituted dihydrides. 
The highly reactive 1,2-dihydrobenzene is stabilized when one of the 
alicyclic dovible bonds is shared with a benzene ring. The free energy of 
reduction of /3-naphthoquinone is 11.0 Cal. less than that of o-benzoqui- 


TABLE I 

Reduction Potentials of Quinones (25°) 



Normal Potential J5^o, volts 


Aq. Soln. 

Ale. Soln. 

p-Henzoquiiione 

0.G99 

0 715® 

o-Bcnzoquinone 



Q!-Naphth()(iumone 

.470" 

.484'^ 

aphthoquinono 


..576*’ 

2 , G-N aplif hoquin oiio 


.76 (calcd.)* 

1,4,5,8-Naphtliodiquinone 


(.972)/ 

Diphen()(|uinone 


.954® 

Stilbonequinonc 


.854® 

9, 10-PhonaDthrene(iuinoiie 


.460« 

1 , l-PhenanthrcTicquinone 


.523* 

1 ,2-Pheiiaiithrenequinono 


.660*’ 

3,4-Phenaiithrcncquinone 


.621*’ 

9, 10- Ant hraquinone 


.154*’ 

1 ,2- Anthraquinone 


.490* 

1 ,4- Anthraquinone 


.40P 

1,2- Benz-9, 10-anthraqiiinone 


.228* 

1 ,2-Benz-3,4-anthra(iuinone 


.430* 

l,2,5,6-Dibcnz-9,10-anthra(iuinone. . . 



.268* 

5,6-Chrysenequinone 


.465* 

6, 1 2-Chrysenequinone 


.392* 


n Fiescr, J. Am. Chem. Soe., 62 , 4915 (1930); b Fiescr and Petera, ihut , 53 . 793 (1931); c LaMer 
and Baker, ibid.^ 44 , 1954 (1922); d Fieser and Fiescr, i6id., 56 , 1505 (1934); c Fieser, ibtd.^ 62 , 5204 
(1930); / estimated from the potential referred to the quinhydrone electrode in acetic acid solution at 
20° [Dimroth, Angew. Chem.^ 46 , 571 (1933)]; Fieser, J. Am. Chem. Soc.^ 61 , 3101 (1929); k Fieser 
and Peters, ibtd., 63 , 4080 (1931) ; i Conant and Fieser, ibid., 46 , 1858 (1924); y Fieser, 60 , 465 
(1928); k Fieser and Dietz, ibid., 63 , 1128 (1931). 
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none, and it is of interest that the heat effect in the aromatization of 1,2- 
dihydronaphthalcne by the elimination of two atoms of hydrogen is 15.0 
Cal. less than for the corresponding reaction of 1,2-dihydrobenzene. 
Considering that the heats of reaction are subject to some uncertainties, 
that the entropies in the dehydrogenations may not be identical, and 
that a comparison is made between reactions occurring in different states, 
the correspondence in the values for the energy changes is about as good 
as could be expected. The degree of aromaticity of a polynuclear hydro- 
carbon seems to be determined by the relative stability of the unsatu- 
rated structure with respect to its hydro derivatives, and it is a matter of 
considerable importance that accurate information on this point can be 
obtained from oxido-reduction potential data for the corresponding j 
quinoncs. In using such data it is necessary only to make sure that the 
comparison is not invalidated by some disturbing factor. It would not 
be proper, for example, to attempt to predict the relative stabilities of 
1,2- and 1,4-dihydronaphthalene from the relationships between P- and 
a-naphthoquinone, because the character of the former compounds is 
dependent in part upon whether the double bond is isolated in the re- 
duced ring or conjugated with the benzenoid nucleus, whereas in the 
quinones the corresponding double bond does not in cither case occupy 
an isolated position but is conjugated with at least one carbonyl group. 
Since the structural relationships are quite different, a comparison is 
meaningless. Actually the 1,4-quinonc is more stable than the 1,2- 
quinone in both the benzene and naphthalene series, while the reverse is 
true of the 1,4- and 1,2-dihydro compounds. Ortho and para quinones 
differ in the manner in which the carbonyl groups are conjugated, and a 
comparison between compounds of the two tyi)es is valid only if account 
is taken of this difference. 

Phenanthrene. Four Kekule bond structures for phenanthrene arc 
theoretically possible, but according to the Fries nile (p. 156) one of 
these would be expected to .surpass the rest in stability. This structure, 
illustrated in formula I, is symmetrical, and each ring has associated with 


3 



it the full complement of three double bonds, as in benzene, although 
there is some sharing of double linkages. In the alternate formulas one 
or more of the rings has an o-quinonoid or a tetrahydride structure and 
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thus departs more widely from the stable benzenoid condition. There is 
evidence that the formula expected from theoretical considerations to 
represent the stable state of the molecule corresponds to the true struc- 
ture. Fieser and Young found that, while the coupling of 2-phe- 
nanthrol and the rearrangement of its allyl ether normally lead to 
substitution in the 1-position, the reactions are efifectively blocked by 
an alkyl group at this position. A blocking group at the 4-position simi- 
larly interferes with the phenolic functioning of 3-phenanthrol, and from 
these observations it seems clear that double bonds are located at the 1,2- 
and 3,4-positions and that the bond structure in this part of the molecule 
is as rigid as in naphthalene. 

Phenanthrene is more susceptible to oxidation and reduction than 
naphthalene, and the point of first attack in each reaction is at the 9- 
and 10-positions. The only factor which seems to limit the yield of the 
9,10-quinone is the sensitivity of this compound to further oxidation, 
and the 9,10-dihydride can be obtained in nearly quantitative yield by 
hydrogenation in the presence of copper-chromium oxide at a moderate 
temperature.^® It is significant that this catalyst is not active toward 

HHHH 

J y 

0 - 0 - 0 ^ 


benzene or naphthalene and that the selective hydrogenation of phenan- 
threne occurs under conditions not much more drastic than are required 
for the hydrogenation of ethylenic hydrocarbons of the aliphatic or 
alicyclic series. A further striking indication of the olefinic character 
of the 9,10-double bond is that phenanthrene forms a stable 9,10-dibro- 
mide. A possible factor contributing to the unusual reactivity mani- 
fested in the central ring of the hydrocarbon is that each of the adjacent 
carbon atoms 9 and 10 occupies an a-position with respect to a terminal 
aromatic ring; these unsaturated rings may exert an activating influ- 
ence, as suggested in the case of naphthalene. This conception, though 
perhaps a crude one, is of value in understanding the course of some of the 
substitution reactions. In the sulfonation of phenanthrene, and in the 
Friedel and Crafts condensations conducted in nitrobenzene solution, 
substitution occurs chiefly at the 3- and 2-positions, rather than in the 
reactive central nucleus. These are j3-positions, and it will be recalled 

Fieser and Young, J. Am. Chem. Soc., 63 , 4120 (1931). 

Burger and Mosettig, ■ibid., 67 , 2731 (1935) ; 68 , 1857 (1936) ; Durland and Adkina 
ibid., 69 , 135 (1937); 60 , 1501 (1938). 
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that in the case of naphthalene there is some avoidance of the reactive 
a-positions in substitutions, in cojitrast to reactions of oxidation and 
reduction. /3-Substitution predominates in the high-temperature sul- 
fonation of naphthalene and in some of the Friedel-Crafts reactions in 
nitrobenzene solution. 

In attempting to account for the unsaturated, olefinic character of 
the 9,10-doublc bond, Fries suggested that the other two double bonds 
of the central ring are shared unequally with the terminal benzenoid 
nuclei and are claimed principally by these rings, leaving the double bond 
at the 9,10-position in a comparatively isolated or imperfectly conju- 
gated (!ondition. This idea can be expressed in some measure in a for- 
mula by using a pair of lines of unequal length to represent the doublfe 
bond and by placing the shorter of the two lines on the side of the rin^ 
recognized as having the greater stability. There is another way or^ 
viewing the situation which seems somewhat more coneiete. That tliei 
central nucleus possesses a rather low order of aromaticity means that 
the dihydride structure which it acquires on oxidation, redu(!tion, or 
halogen addition is charactxu-ized by a special stability. That this is th(^ 
case is attested by the fact that the 9, 10-dibromide is capable of independ- 
ent existence;, and a mea.sur(; of the r(“lati\'(; stability of 9,10-dihydro- 
phenanthrene as (;ompared with 1 ,2-dihydronaphthal('ne is furnished by 
a comparison of the* ijotentials of the' corresponeiing quinewie's (Table I, 
p. 159). The low potential of 9,10-i)he‘nanthrene;eiuinone as cemipare'd 
with /3-naphthoquinone indicate;s a greater stability of the tricyclic 
quinonoid, or dihydride, strue;ture. This stability may be attribute;d te) 
the fact that be)th double bonds of the central, quinenioid or dihydride; 
ring are subject to the deactivating influence of the; benzenoid rings of 
which they are also members. According to this view, the e:e;ntral nucle'us 
of phenanthrc'ne; is susce;ptiblc to oxidation, reduction, and additie)n reae*- 
tions chiefly because a comparatively stable dihydride; structure can be 
produced as a result of such reactions. The situation is sue-h that there 
must be a considerably greater driving force; to the ejeicurrence e)f such 
changes than in the case of naphtha]e;ne;. fl’his accounts for the highly 
unsaturated character of the 9,10-double; bond and for the ease of hydi'o- 
genation and of other additions. From the heat effect in the conversion 
of naphthalene into the 1,2-dihydride; (9.4 Cal.) and from the potentials 
of the quinones corresponding to the dihydrides, it is estimated that the 
heat of hydrogenation of phenanthrene; to the 9,10-dihydride is about 
15 Cal., that is, intermediate between the values for naphthalene and for 
cyclohexene (28.6 Cal.^). 

Anthracene. Anthracene surpasses even phenanthrene in reactivity 
as can be seen, for example, from the fact that the linear compound 
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present in crude phenanthrene from coal tar can be removed by prefer- 
ential oxidation to the quinone, and from the observation that poly- 
nuclear hydrocarbons which contain the ring systems of both anthra- 
cene and phenanthrene arc generally attacked on oxidation chiefly in 
the anthracene part of the molecule. The addition of one mole of 
hydrogen or of halogen to anthracene also proceeds very readily, and the 
point of attack in all these reactions is at the 9 and 10, or meso, positions. 
In the early attempts to account for this seemingly special character of 
the hydro(!arbon, considerable prominence was given to the view that 
the reactivity is due to the pre.sence of a para bond extending between 
the meso positions, as in I. 



I 


Hinsberg was one of the first to present a serious objection to this for- 
mulation, and, although his argum('nt was based ui)on a rather cumber- 
some analogy with i)henazines and quinoxalophenazines, the evidence 
appears entirely valid. The e.s.sence of the argument is that the fusion of 
an angular bimzenoid ring to one of the terminal rings of anthracene de- 
creases the reactivity at the meso positions in a manner not comprehensi- 
ble on the basis of the formulation in question. Furthermore, anthracene 
does not appc'ar t,o be symmetrical, as i)ictured in the formula, for the 
attachment of a se(^ond ring to the opposite side of the mokicule does not 
produce an added effect proportionate to that of the first ring. Evidence 
on this point is furnished by potentiomet ric data for the corre, spending 
quinoncs.'"^ A less serious objection was cited by Goudct,*“ who fo\ind 
that the levorotary form of the hydroxyan throne II gave an optically 

no CllaCells CIIjCsHb 



O 


II 

inactive compound on reduction, contrary to what would be expected on 
the basis of the para bond structure III. 

The para bond formula was dealt a final blow by the evidence from 
x-ray analysis (p. 123). All the carbon atoms of anthracene lie in a single 

Hinsberg, Arm., 319 , 257 (1901). 

106 and Dietz, J» A?n. Chem. #Soc., 63, 1128 (1931). 

Goudet, Hdv. Chim. Acta, 14 , 379 (1931). 
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plane, and consequently the carbon atoms in the meso positions are as far 
removed from one another as the para carbon atoms of an isolated ben- 
zene ring.*®^ According to all available information concerning bond 
strength, a direct connection between such positions is quite out of the 
question (p. 125). 



Two Kekul6 formulations are possible for anthracene, namely IV 
and V, and either one may be said to represent the modern counterpart 
of the o-quinonoid formula suggested by Armstrong in 1890. In ea(}h 
formulation at least one ring (A) is present which contains only two 
double bonds and which, with the ethylenic, linkag(is exhinding into the 
central nucleus, constitutes an o-quinonoid system of linkages. This 
arrangement represents a condition less stable than that of a benzenoid 
ring, and the tendency of the quinonoid nucleus to a(!quire the benzenoid 
condition accounts for the reactivity of anthracene. Such a change occurs, 
for example, as a result of the addition of hydrogen to the 1, 4-con jugated 
system present in the central nucleus (1), a n'action which is analogous 
to the reduction of o-benzoquinone (2). It is understandable that anthra- 



cene is subject to attack at the meso jjosilions, and the great driving force 
in the reduction can be attributed partly to the pre.scnce of the reactive 
o-quinonoid system of linkages and partly to the fact that the 9,10- 
dihydridc has a particularly stable structure, for the double bonds are 
all contained in two isolated benzenoid rings, as in 9,10-dihydrophe- 
nanthrene. Probably the 9,10-dihydro derivatives of anthracene and 
phenanthrene do not differ greatly in stability (or in theii' heats of com- 
bustion), and, consequently, the observation that the heat of combu.s- 
tion of anthracene is greater than that of the angular isomer by 7.0 
Cal. affords an approximate indication of the magnitude of the energy 
content of the anthracene molecule which is attributable solely to the o- 
quinonoid system of hnkages. 

Meyer, Z. angew. Chem,, 41, 935 (1928). 
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Other reactions involving a conversion to 9,10-dihydroanthracene 
derivatives include oxidation, the formation of the 9,10-dibromide, and 
the Diels-Alder reaction (p. 685) of anthracene with maleic anhydride 
or with quinone.“® The ability of the hydrocarbon to yield addition 
products of the type of VI is particularly illuminating, because of the 
specificity of the reaction to active diene systems (p. 667), and because 


H 



naphthalene and phenanthrene do not form similar products. Endo- 
anthracene maleic anhydride (VI) is produced by heating the compo- 
nents in boiling xylene solution, and the occurrence of a (reversible) 
I'caction with this and othiir unsaturated anhydrides, as well as with 
crotonic acid and acetylene dicarboxylic ester, affords a good indication 
of the presence of a reactive diene system in the central nucleus. Another 
indication in the same direction is the C-alkylation of anthranol (3), 



observed by K. H. Meyer and Schl6.sser to occur along with 0-alkyl- 
ation when an alkyl halide (but not a sulfate) is employed. The com- 
paratively high degree of unsaturation of anthracene is indicated by the 
ready reaction with sodium and in the spectrochemical properties 
of anthracene derivatives, and it has been suggested that the pro- 
nounced color of derivatives containing NO 2 , OH, NH 2 , and Cl finds a 
satisfactory interpretation in the assumption of a structural relation to 
true quinones. 

Diels and Alder, Ann., 486 , 191 (1931) ; Clar, Ber., 64 , 2194 (1931). 

Clar, Brr., 64 , 1676 (1931). 

Meyer and Schldsser, Ann,, 420 , 126 (1920). 

Schlenk, Appenrodt, Michael, and Thai, Her,, 47 , 479 (1914), 

V. Auwors, Bcr., 53, 941 (1920) ; v. Auwers and Krollpfeiffer, Ann,, 430 , 254 (1923) 
^13 Kehrmann. Ber„ 27 , 3348 (1894); Scholl. Ber,, 41 , 2312 (1908). 
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None of the facts cited thus far provides a means of distinguishing 
between the alternate o-quinonoid formulas IV and V, above. From a 
consideration of the Fries rule (p. 156), it would appear that the first 
of these structures is the more likely, because it represents a more stable 
system. Formula IV contains an o-benzoquinonoid ring (A) and two 
benzenoid rings combined in the form of a normal naphthalene nucleus 
(BC) ; in formula V the rings A and B constitute a highly reactive and 
unstable 2,3-naphthoquinonoid unit, and there is only one benz(;noid 
ring (C). As Fries stated the case, there is in the first instance a closer 
av(!rage approach to the stable condition of the isolated benzene ring, and 
consequently IV is the preferred structure. Fries sought to test this pre- 
diction by studying the bromination of 2,G-dihydroxyanthracene. If th,e 
structure is that of VII, the bromine atoms should be directed to the twfc 
enolic ortho positions 1 and 5, whereas the alternate structure VIII 



VII VIII 


should lead to 3,5-substitution. It was found that bromination occurs 
at the 1- and 5-positions, as predicted for a compound of the formula VII, 
but the ob.servation does not exidude the possibility that solutions of the 
substance contain appreciable quantities of both forms and that VII is 
merely the mon^ abundant, or the moix' reactive, of th(' two. In extend- 
ing this work, FiesiT and Ijothroj) a})plied a mor(' rigorous t(‘st. The 
1- and 5-positions were blocked with alkyl substituents, and the 1,5- 
dialkyl-2,6-dihydroxyanthracenes were investigated for their ability to 
couple with diazotized amines. As the tests werc^ entirely negativi;, it 
was concluded that the bonds are fixed in the positions indicated in for- 
mula VII and that the tautomer corresponding to VIII is not present in 
any appreciable quantity, for it should give rise to substitution at the 
3-position. 

The evidence thus supports the formulation deduced from theoretical 
considerations, and it indicates a rigidity of the bond structure com- 
parable with that in naphthakme and phenanthrene. With an unsym- 
metrically substituted compound, .su(;h as /3-anthrol, it is necessary to 
account for the fact that the substance has been isolatc^d in only one 
form, though two structures, IXo and IXfc, arc theoretically possible. 
Fries noted that the change from one structure to the other can be 
accomplished by a progression of the bonds in the central nucleus, with- 

Fieser and Lothrop, J. Am. Chem. Soc., 68 , 749 (1936). 
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out disturbance of the double bonds in the a,i8-positlons of the terminal 
rings, and this idea seems in keeping with the nature of the bond fixation 
indicated by the above exp(!riments. Ficser and Lothrop suggested that 
the two forms are to be regarded as tautomers, and that an indication 



IXo IXb 


of the position of the equilibrium can bo gained by the application of a 
l^rinciple expounded by Kehrmann in a brilliant paper dealing with 
the question of the bond structures of azinc derivatives. Phenylnai)h- 
thoph('nazonium chloride, for which two tautomeric forms, Xa and Xb, 
are possible, is typical. The form Xa contains a naphthoquinonoid 



grouping (AB), whik; Xh has an cj-benzoquinonoid structure (ring C), 
and Kehrmann rt'asoned that, since /J-naphthoquinone is more stable to 
reduction t han o-benzocpiinone, Xa should be the predominant tautomer. 
Fvidenc(^ in support of this di'duction was found in the observation that 
th(‘ compound adds ammonia in ah^oholic solution to yield an amino 
derivative having the substituent in ring B (arrow). The phenazonium 
salts enter into addition reatdions characteristic of the quinones, and 
tlu'y share with these substances the property of forming electromotivcly 
active oxido-rcduction systems. Jvehrmaim’s theory of the factors gov- 
eniing tautomcaism among such compounds was placed upon a quanti- 
tative basis in later potentiometric studies."® The equihbrium constant, 
K, of a pail’ of tautomers having the normal potentials Eq°‘ and (where 

•the jS-form has the higher potential) is given by the expression; log 
= (AV - 7^o“)/0.029r)6. 

Although reversible oxidation-reduction is not observed with com- 
pounds such as anthracene in which the quinonoid system of linkages 
terminates in carbon, rather than in oxygen or nitrogen, the qualitative 
application of the established principle seems admissible. In respect to 
/3-anthrol (IX, above), a rational inference concerning the relative sta- 

Kehrmann, Jier., 31, 977 (1S98). 

I' ieser, J. Am. Chem. Soc., 60 , 439 (1928) ; Fioscr and Fiesor, ihid., 66 , 1565 (1934) 
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bility of the two forms can be made from the fact that the oxido-reduction 
potential of a given hydroxyquinone is considerably lower than that of 
the corresponding unsubstituted quinone (p. 1038). The hydroxyquino- 
noid grouping (q) of IXa consequently must represent a condition of 
greater thermodynamic stability than the unsubstituted quinonoid nu- 
cleus (q') of 1X6, and the first formula probably corresponds to the struc- 
ture of the predominant tautomer in solution. 'Phe less stable tautomer 
1X6 is probably present in solution in .small amounts. (Compare the still 
unisolated tautomer of 2-hydroxy-l,4-naphtho(iuinone.) 

Alkyl groups influence quinone potentials in the same direction as 
hydroxyl groups but to only about half the extent, and consequently the 
less stable forms of 1- and 2-alkylanthra(!encs probably are present in tile 
equilibrium mixtures in somewhat larger amounts. The amino group Ife 
considerably more potent than hydroxyl, and |3-anthramine must exis^ 
very largely in the aminoquinonoid form XI. That the substance is a\ 
very weak base and resists diazotization,^^^ except under special condi- 



tions,®’ is easily understood on the basis of this structun', for aminoqui- 
nones exhibit similar properties. Highly unsaturated groups, and to a 
lesser extent halogen atoms, can be expected to shift the equilibrium in 
the other direction, the more stable form of a compound such as l-nitro- 
anthraccne probably being that in which the substituent is located in the 
benzenoid ring (XII). 

The general theory accounts well for the properties of the higher 
benzologs of anthracene. It was mentioned above that a benzene ring 
fused to the molecule in an angular position decreascis the reactivity 
at the meso positions, and it Ls equally true that a linear ring has the 
opposite effect. A clear demonstration of both relationships is afforded 
by Clar’s work on the ease of reaction of the hydrocarbons with maleic 
anhydride. 1,2-Benzanthracene would be expected to have the )3-naph- 
thoquinonoid structure XIII, rather than the alternate o-benzoquinonoid 
structure, and the added ring serves to stabilize the original quinonoid 
system (q) and hence to decrease the reactivity at the terminal (meso) po- 
sitions of the unsaturated system. An additional benzenoid ring attached 

^^^Bollert, Ber., 16 , 1635 (1883); Bamberger and Hoffmann, Ber., 26 , 3068 (1893). 
•See also Schroetcr, Brr., 67 , 2003 (1924;. 

“8 Clar. Ber., 64 . 2194 (1931) ; 66 . 603 (1932) ; Clar and Lombardi. Ber,. 66 . 1411 (1932) 
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at the 5,6-position (XIV) should have little added influence, for it is not 
in immediate connection with the quinonoid unit. There are indications 
that this expectation is realized.*"® The situation is quite different when a 



XIII 



benzene ring is fused to anthracene in a linear position. The formulas 
XVa and XV6 for naphthacenc both n'present systems of greater unsatu- 
ration and reactivity than anthracene, because in each case two of the 
four rings are quinonoid (q) in character. In XVa two terminal o-ben- 
zoquinouoid rings are separated by the normal naphthalene unit formed 



X\'o XV6 


by the two central rings, and, although the added quinonoid ring should 
render the stnuiture more reactive than anthracene, the system at least 
has greater stability than XV6, where the non-benzenoid rings g and g' 
are combined in the form of a 2,3-naphthoquinonoid unit. That such a 
group would be highly unstable and reactive can be inferred from the 
non-existence of 2,3-naphthoquinone itself, and from the observation 
that quinones in which the quinonoid .system of linkages extends into 
two nuclei are charac^terized by having unusually high reduction poten- 
tials (see diphenoquinone, 2,6-naphthoquinone, Table I, p. 159). For- 
mula XVa therefore represents the preferred structure. 

The reactivity of naphthacene as compared with anthracene is well 
illustrated by the properties of its derivatives."® The equilibrium be- 


O OH 



H2 


XVI XVII 


tween 2,3-benz-9-anthrone (XVI) and the anthranol-form XVII so 
greatly favors the keto form that the substance, unlike anthranol itself, 
Fieser, J. Am. Chem. Soc., 63 , 2329 (1931). 
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fails to dissolve in alkali. The anthranol acetate is formed much 
less readily than usual, and the anthranol is very easily reduced to an 
unusually stable dihydride. The observations all reveal a pronounced 
tendency of the doubly quinonoid structure to revert to the more stable 
condition of the 9,10-dihydrid(\ The striking observation that crystal- 
line naphthacenequinone does not give the usual vat test with alkaline 
hydrosulfite is similarly attributable to the lack of stability of the hydro- 
quinone. 

StiU greater reactivity is displayed by Clar’s Zm.-dibenzanthracene, 
a hydrocarbon of particular interest because of its blue color. No very 
stable arrangement of tin; double bonds of this compound is possible;, apd 
the best adjustment that can be achieved is repi'csenited in formilla 
XVIII. This structure includes a 2,.3-naphthoquinonoid unit (pA') 
at one end of the molocuh; and an o-benzoquinonoid nucleus {q") at tqe 
other, and consequently the high degree of nnsaturation of the hydni- 
carbon, as manifested in its reactivity and color, is c'a‘<ily understandable. 
Reagents would be expected to attack the sul)stanc(; in the central ring, 
for the.se positions are at. the ends of tlu; more react.ive 2,l.l-nai)htho- 
quinonoid system, and this expectation is nialized. C'lar took a difh'n'iit 
view of the situation and postulnhal for the hydrocarbon the ])iradical 
(p. G02) formula XIX. He suggested that anthi-ac(.‘ue itself and the 




other aromatic compounds exist to some (>xtent in a diyl phase, but. that 
the pentacyclic hydrocarlnai has a com])lete biradical character.'®® The.se 
speculations, although subject to much advenso critici.sm,'®® have con- 
tinued to attract atbnition.'®'* In an attempt to settle the matter, E. 
Muller '®® investigated the magnetic suscept ibilitj'^ of the blue hydro(;ar- 
bon and found that the compound does not exhibit paramagnetism, as 
univalent radicals and one authentic biradical w(!re found to do. Hi! 
concluded that the amount of diyl, if prc'sent, cannot exceed 1 per cent. 

Barnett and Lowry, Bcr., 65 , 1049 (1932). 

121 Clar and John, Ber., 62 , 3021 (1929) ; 63 , 2907 (1930). 

i22Clar, Bcr., 65 , 503 (1932); 66 , 202 (1933); 69 , 007, 1071 (1930). 

123 Scholl and Bottger, Bir„ 63 , 2133 (1930); Scholl and Meyer, /icr., 67 , 1229, 1230 
(1934); Conrad-Billroth, Bcr., 66, 039 (1933). 

12^ Kon, Ann. Repts. Chem. Soc. {London)^ 29 , 103-171 (1932). 

12® Miiller and MuUer-Rodloff, Ann,, 517 , 134 (1935) ; Muller and Bunge, Der., 69 
2164 (1930). 
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Although it is conceivable that a fixed opposition of the electron spins in 
a biradical could eliminate the paramagnetic effect, such an explanation 
seems improbable. The evidence available does not warrant acceptance 
of the diyl formula as representing anything more, perhaps, than a reac- 
tion phase, and the general theory of aromatic structures based upon a 
rational extension of the concept of the Kekule ring seems to provide an 
adequate interpretation of the facts without this added assumption. 

The principles defining the bond structures of the polynuclear aro- 
matic hydrocarbons seem to apply also to the quinoncs and hydro dcriva- 



XX XXI 


tives of these substancc.s. On the basis of the Fries rule, it was pre- 
dicted that naphthacenequinoiu^ has the structure XX rather than 
XXI, for in XX the rings C and D arc; benzenoid and constitute a normal 
naphthalene system, while in XXI the terminal ring is quinonoid and 
foi’ins a part of a unit corresponding to the unstable form of naphthalene. 
Allen and L. Gilman found support for this view in the observation 
that phc'iiyl magnesium bromide adds to the two 1,4-conjugated systems 
formed by the nuclear double bonds in ring C with the carbonyl groups, 
giving two stereoisomeric products of the structure XXII. Air oxidation 
in alkaline solution of the caiolized material gave XXllI. The behavior 
is quite different from that of anthraquinono and phenanthrenequinone, 
with which Grignard reagents give exclusively carbinols, and it is inferred 
that in these compounds a 1,4-system is not available, the bonds of an- 
thraquinone being arranged as in ring A of XX. The unusual arrange- 



0 H Cells 0 CeHs 


XXII XXIII 

ment of bonds in the oxygenated ring (B) of naphthacenequinone may 
modify slightly the character of this ring, but it seems unlikely that true 
quinone characteristics are entirely lost. 1,4-Anthraquinone probably 

12 C jrieser and Martin, J, Am, Chem. Soc,^ 67 , 1844 (1935). 

Allen and Gilman, ibid.^ 68, 937 (1936). 
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has a similar bond structure, and it undergoes reversible reduction and 
exhibits other usual properties of quinones. The 1,4-addition of the 
Grignard reagent (p. 672) has been observed also in benzanthrone, 
XXIV, the aryl or alkyl group appearing at the 4-position (arrow). 



The observation locates one double bond in ring C, and from the princiille 
of greatest stability it seems likely that the remainder of the bonds m 
rings C and D are arranged as in naphthalene.’^® \ 

P3rrene. This tetracyclic hydrocarbon presents an interesting com\ 
bination of fused rings embodying groupings of the naphthalene, phenan- 
threne, and diphenyl tyi>es. In the degree of reactivity to substituting 
agents, pyrene is roughly comparable with anthracene. In an extensive 
study of the hydrocarbon, Vollmann, Becker, Corell, and Streeck 
found that monosubstitution occurs solely at the S-position, which cor- 
responds to one of the chief, if by no means exclusive, points of attack in 
phenanthrene. A second substituent is introduced about as easily as the 
first and invariably enters the second pm'-ring at the 8- or 10-position, 
giving a mixture of 3,8- and 3,10-isomers in which the latter predomi- 
nates. In contrast to the point of attack in substitutions, the addition of 
ozone occurs at the 1,2- and 6,7-positions. These results are interpreted 
to indicate that in its most stable state pyrene has the 1,4-naphthoquino- 
noid bond structure I. Predominant disubstitution at the 3,10-posi- 
tions is considered to occur at the ends of the active quinonoid system of 
linkages (arrows). The formation of 3,8-derivatives may occur through 
the possibly more reactive but considerably less abundant 1,5-naphtho- 
quinonoid form II. The change from one bond Lsomer to the other would 
involve merely a progression of the bonds in the upper terminal ring. 
A greater stability for I as compared with II is consistent with the Fries 
rule, for the former structure contains three benezenoid rings (6) while 
the latter contains but two. 
i2»Ficser, ibid., 60 , 465 (1928). 

Charrier and Ghigi, Gazz. chim. ital.y 62 , 928 (1932) ; Ber.y 69 , 2211 (1936); Allen 
and Ovorbaugh, J, Am. Chem. Soc.y 67 , 740, 1322 (1935). 

Sec, however, Clar, Ber.y 66, 846 (1932). 

Vollmann, Becker, Corell, and Streeck, Ann., 631 , 1 (1937). 

Fieser and Scligman, J. Am. Chem. Soc., 60 , 170 (1938). 

133 Clar, Ber.y 66, 1426 (1932). 
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The fact that 3-hydroxypyrene fails to couple with diazotized amines 
indicates a rigidity of the bond structure in at least a part of the molecule 
and shows that the 3- and 5-positions are not identical, as they would 
appear to be from the outline formula. The structure I with a hydroxyl 
group at the S-position and a single bond connecting positions 3 and 4 
evidently is more stable than that with the substituent at position 5. 
The explanation may be that the hydroxyl group, which is known to have 
a stabilizing (potential-lowering) effect on tnie quinones, is joined 
directly to the quinonoid system in the former, but not the latter, case. 
That neither 3,10- nor 3,8-dihydroxypyrene can be caused to couple with 
diazotized p-nitroaniline indicates that the two dihydroxy compounds 
have the alternate bond structures I and II, respectively. This must 



II 


mean that the influence of the attachment of a hydroxyl group to a 
quinonoid system is so pronounced that two such substituents in the 3- 
and 8-positions can effect the stabilization of the otherwise more reactive 
1,5-naphthoquinonoid system of II. 

3,4-Benzp3rrene. If pyrene tends to exist chiefly in the 1,4-naphtho- 
quinonoid form (I, above), the most probable bond structure for 3,4- 
benzpyrene is that, shown in formula III, in which the four benzenoid 
rings constitute a chrysene unit. The alternate formulation IV, derived 



III IV 


from the 1,5-naphthoquinonoid form of pyrene (II), represents the hydro- 
carbon as a 1,2-benzanthraccne derivative containing but three benzenoid 
rings. The evidence available does not distinguish between the two 
structures, and the fact that the hydrocarbon suffers o.xidation at posi- 
tions 5, 8, and 10 perhaps is indicative of attack at the exposed ends of 
the 1,4- and 1,5-naphthoquinonoid systems of the two forms. 


174 


ORGANIC CHEMISTRY 


3,4-Benzpyrene is of special interest because of the remarkable reac- 
tivity which it manifests in substitution reactions.^®^ In susceptibility to 
substitutions, the substance surpasses all other known unalkylated, fully 
aromatic hydrocarbons. Oxidation with lead tetraacetate proceeds 
smoothly at room temperature and affords the 5-acetoxy derivative in 
over 90 per cent yield, and the reaction with methylformanilide to give 
the 5-aldehydc proceeds equally well. The hydrocarbon even couples 
with diazotized p-nitroaniline in acetic acid (5-position), and thereby 
exhibits nuclear reactivity comparable with that of a phenol or amine. 
The exclusive point of attack, except in the (hindered) Friedel and 
Crafts reaction, is at position 5. This is at one end of a quinonoid system 
of linkages, and it is also a meso position, flanked by activating rings jon 
either side. \ 

Of possible significance to the theory of aromatic substitutions is the 
fact that 3,4-benzpyrcnc exhibits no tendency to form addition products. 
In contrast to the situation in the naphthalene, phenanthrene, and an- 
thracene series, no reaction producte of dihydride structure have been 
encountered, and icactions whicii can proceed only by an addition do 
not api)ear to take place. In sharp contrast to the behavior of anthra- 
cene and ] ,2-bcnzauthracene, 8,4-benzpyren(' fails to add makne anhy- 
dride (citation’®^ from Bacihniann). The facile substitutions of the 
hydrocarbon therefore appear to be indep('nd('nt of any process of addi- 
tion. Among other polynuclear hydrocarbons, there is a sufficient, if 
perhaps entirely fortuitous, parallelism between reactivity in subslitii- 
tions and in additions to invite tlu; speculation that the siibstitutions may 
proceed by way of addition mechanisms. The casci of 3,4-benzpyrene, 
however, demonstrates that the two processes can be entirely distinct 
and uncorrclated. 

THE NATURE OF AROMATIC SUBSTITUTIONS 

The question of the mechanism of aromatic substitutions is a com- 
plicated one, for there is considerable variety in the types of reactions 
and in the nature of the compounds undergoing substitution. It is an 
open question whethcir different substituting agents act upon a given 
compound in the same way, and whether a given type of substitution 
follows the same general coui'se in the benzene series as with polynuclear 
hydrocarbons. The course of the reaction conceivably may vary also 
with the nature of the directing groups. Th(;rc may well be^ more than 
one path by which a substituent can enter an aromatic nucleus, and cer- 

*®*Fieser and Campbell, J. Am. ('hem. Soc., 60 , 1142 (1938)- Fieaor and Herslibcrg, 
ibid., 60 , 2542 (1938) ; 61 , 1565 (1939). 
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tainly caution should be exercised in reasoning by analogy unless a secure 
correspondence can be established between the cases in question. 

Nitration and Sulfonation. Shortly after proposing the cyclohexa- 
triene formula for benzene, Kekul6 attempted to determine the course 
of the reaction between nitric a(ad and ethylene in order to make a com- 
parison with the aromatic nitration reaction. Difficulties were encoun- 
tered, however, and not much progress was made. The reaction affords 
mainly products of oxidation, but Wicland and Sakellarios,'®* by using a 
mixture of nitric and fuming sulfuric acids, succeeded in isolating small 
amounts of /3-nitroethyl nitrate, CH2(N02)CH20N02. This was thought 
to result from the esterification of CH 2 (N 02 )CH 20 H, formed as a pri- 
mary product of addition. It was found further that ;8-nitroethyl alcohol, 
prepared in another way, yields the nitric ester with nitric acid, and 
can be dehydratc^d to nitroethylene Avith the use of phosphorus pent- 
oxide, and conseqiK'iitly it apj)eared that nitric acid adds to ethylene as 
HO — NOo and that a suljstitution ])rodu(5t can be producc^d by the elimi- 
nation of water from the addition product. The observations were re- 
garded as affording an analogy for the hypothesis that the nitration of 
benzene proceeds by an addition-elimination mechanism (1). 



A still closer analogy was reported by Anschutz and Hilbert,*^ who 
studied the nitration of a,a-dii)henylethylene in glacial acetic acid. Un- 
der mild conditions of operation a nitro alcohol was obtained, and this 
yi(‘lded the corn'sponding unsaturated nitro compound on warming a 
solution of the subst ance in glacial acietic acid containing a trace of nitric 
a(dd. The complete* process (2) corresponds to that postulated for the 
aromatic substitution. Unsaturated nitro compounds have been ob- 

(C6ll6)2C=CIl2 (C6 Ho)2C Clh (C6n5)2C=CH (2) 

1 I I 

OH NO 2 NO 2 

tained also in small amounts from certain alkcnes by the action of nitric 
acid alone or in cai bon tetrachloride solution, isobutylene giving (CH 3 ) 2 C 

Kokuie-, Bit., 2. 329 (1SC9). 

13G Wicland and Sakollarios, Bcr., 63, 201 (1920). 

137 Wieland and Siikollarios, Her,, 62, SOS (1019). 

Anschutz and Hilbert, Bcr.y 64, 1S54 (1921). 
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=CHN02,«» and isoamylene yielding (CH3)2C=C(N02)CH3.«»- A 
particularly interesting case is that of ethyl p-nitrocinnamate, which 
yields 02NC6H4CH=C(N02)C02C2H6 on treatment with nitric and 
sulfuric acid at room temperature/^^ that is, under the conditions of an 
ordinary aromatic nitration. 

It can be argued that the postulated dihydrobenzenoid intermediate 
would be so unstable under the dehydrating action of the strong acid or 
mixed acid required to produce it that it might well elude isolation. 
Furthermore, analogous products have been isolated from certain cyclic 
compounds of less pronounced aromaticity than benzene. By the action 
of nitric acid on anthracene in glacial acetic acid, Meisenheimer apd 
Connerade obtained a solution of nitrodihydroanthranol (or its acb- 



H NO2 NO2 


tate), and a conversion to 9-nitroanthracene was brought about by 
treatment with mineral acids. A substance similarly nigarded as a 
product of 1,4-addition has been obtained as the acetate from furan.^^* 
Though these substances may corix'spond to an essential step in the 
typical nitration of benzene, it is also possible tliat the addition com- 
pounds are formed in independent reactions not connected with substi- 
tution. The existence of an addition compound in the case of anthracene 
is understandable in either event, for the great reactivity of this hydro- 
carbon enables a reaction to occur under mild conditions, and the special 
structure of a 9,10-dihydroanthracene derivative confers upon it unusual 
stability. These factora would favor equally the formation of an inter- 
mediate essential to the nitration, or a by-product, and experimental evi- 
dence upon which to base a decision is not available. 

It seems necessary to view the analogy between benzene and anthra- 
cene or furan in the nitration reaction with caution, and Michael and 
Carlson have attacked the experimental basis for the analogy with the 
supposed addition of nitric acid to alkenes. These- investigators found 
that at a low temperature colorless nitric acid containing no nitrous 

Haitinger, Ann,f 193 , 366 (1878). 

Wieland and Rahn, Ber., 64, 1770 (1921), 

Friedlaender and Mahly, Ber., 16 , 848 (1883) ; Friedlander, Ann., 229 , 203 (1885) 

Meisenheimer and Connerade, Ann., 330 , 133 (1904). 

Freure and Johnson, J. Am. Chem. Soc., 63 , 1142 (1931). 

Michael and Carlson, ibid., 67 , 1268 (1935). 
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oxides does not add to ethylene but attacks it destructively, and that it 
merely polymerizes o:,a-diphenylethylene. The pure acid in carbon 
tetrachloride solution at — 20 ° was found to add as H — ONO2 to iso- 
butylene and to isoamylene, giving the asters (CH3)2C(0N02)CH3 and 
(CH3)2C(0N02)CH2CH3. Michael and Carlson consider it probable 
that the products obtained by previous investigators with ordinary nitric 
acid are formed indirectly by interaction with nitrous gases produced in 
oxidative side reactions, and that the product CH2(N02)CH20N02 
obtained by Wieland and Sakellarios with a mixture of nitric and fuming 
sulfuric acids is produced by the addition to ethylene of the mixed 
anhydride, O2N— OSO3H, giving CH2(N02)CH20S03H, followed by 
replacement of SO3H by NO2. 

The processes of sulfonation and nitration are clearly related, and 
Wieland interpreted the former reaction as proceeding through the 
addition of HO — SO2OH to a double bond of the benzene ring with sub- 
sequent dehydration. That sulfuric acid can on occasion add to an 
alkene in this manner, rather than function as H — OSO2OH, as usual, 
Wieland inferred from the fact that ethylene yields carbyl sulfate (III) 
rather than ethyl sulfuric acid, on reaction with fuming sulfuric acid. 
It was assumed that an addition of HO — SO2OH to give isethionic acid 
(I) is followed by esterification to ethionic acid (II), and dehydration to 



I II III 


III. Michael and Weiner,*^® however, pointed out that the suggested 
mechanism does not attribute any function to the SO3, S2O6, or H2S2O7 
pre.sent in fuming sulfuric acid, whereas carbyl sulfate is formed only 
when such acid is u.sed. From a semi-quantitative study of the reaction, 
these investigators concluded that the essential reaction is between 
ethylene and pyrosulfuric acid, and that this adds not as an acid but as 
an anhydride, giving ethionic acid (II) directly. 

CHt==CH2 

HOSO2OH + SO3 HOSO2— OSO2OH — ^=—4 II 

When sulfuric anhydride is in excess, this reacts with II to form carbyl 
sulfate. 

Michael’s work indicates that nitric acid and sulfuric acid do not 
add to ethylene as HO — NO2 and HO — SO2OH, and consequently that 
there is no analogy in the chemistry of simple alkenes to support the 
addition-elimination theory of the aromatic substitutions. It may be 

Michael and Weiner, ibid,, 58, 294 (1936). 
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remarked, however, that a comparison of benzene with ethylene is per- 
haps of doubtful value. That the acids function as H — ONO2 and 
H — OSO2OH with ethylene hardly provides a usefvd clue to the course of 
the reactions with benzene, for similar additions arc out of the question 

in the latter case. The reaction — CH— CH 1- H — OSO3H — 

CH2CH(0S03H) — is reversible even with alkenes, and, since a dihydro- 
benzenoid addition product of this type could stabilize itself only by 
reverting to the components, it is clear that in the aromatic series the 
equihbrium mu.st rcpre.sent a condition amounting practically to non- 
addition; addition in this manner probably has no significance except, 
perhaps, in promoting a deuterium exchange. With this mode of rcjj^c- 
tion blocked, the acids in question evidently act upon benzene in soijne 
other way, and the addition hypothesis rei)res(mts one possibility. It\is 
also possible that substitution involves merely a direct metathe.sik 
CeHg I H + HO i NO2. Substitutions of this type appai'cntly occur in 
the nitration of alkanes vfith dilute nitric; acid and in the nitration 
of toluene in the side chain under similar conditions. 

As an alternative mechanism, Michael suggested that nitration and 
sulfonation may involve; the addition of a nuclear hydrogen atom and 
the aromatic residue to an unsaturated oxygen of the acid and tlu; 
attached nitrogen or sulfur, respectively. Water is then assumed to 
separate from the addition produ(;t, the complete proc;ess being as fol- 
lows: CgHsH + N02(0H) [C6H5N0(()H)2] CoHsNOs + H2O. 

It is assumed that benz(;n(;sulfoni(; ac-id can result from an addition of 
benzene to sulfuric acid, SO3, or S2(.)o) and that the diphenyl sulfone 
formed in the reaction with fuming sulfuric acid arisc's by an addition 
of two molecules of bcnz(;ne to SoOf,. W'hik; this mode of addition repre- 
sents a po.s.sible course for at least some aromatic .substitutions, the 
theory has no firmer foundation in experimental evidenctc; or analogy 
than the others. The mechaiiLsm suggested for the sulfonation pro<;ess 
seems questionable, for two centers of unsaturation pn;sent in sulfuric 
acid are both semi-polar (p. 1827 ) double bonds, and it is doubtful 
whether they are amenable to additions comparable with additions to 
C =0 or C=C. The addition product would have an ('lec-tronic struct ure 
characterized by a .shell of tw(>lve electrons surrounding sulfur, and .such 
a structure seems subject to question. 

No very satisfactory conclusion can be drawn from this survey of 
two characteristic substitution reactions, for it ai^pears that the mecha- 
nism of the processes is still an open question awaiting further experi- 
mental investigation. 

Konowalow, Ber., 28 , 1852 (189.5). 

Markownikoff, Ann,, 302 , 15 (1898). 
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Halogenation and the Friedel-Crafts Reaction (p. 563). The idea 
that the catalyzed brominatioii of benzene may proceed through an addi- 
tion to the unsaturated nucleus and an elimination of hydrogen bromide 
was suggested by Armstrong at an early date, and a number of obser- 
vations have accumulated which seem to support the h 3 rpothesis. Abun- 
dant analogy can be found in the aliphatic series for the 1,2- or 1,4- addi- 
tion of bromine, and there are substitutions which seem to occur by an 
addition-elimination mechanism. a,a-Dipheny]ethylene and triphenyl- 
cthylcne,^“’ for example, yield substitution products on bromination at a 
somewhat elevated tennperature, and an intermediate addition product is 
sufficiently stable to be isolated only in the (^ase of the latter hydrocarbon. 
Furthermore, definite and well-characteriz(id halogen-addition products 
are known in the aromatic series. Phenanthrene reacts with bromine in 
carbon disulfide; in the cold to give the crystalline 9,10-dibromide, and 
this decomposes on bf'ing heated with the formation of 9-bromophenan- 
threne and hydrogen bromide. Anthracene adds bromine at a tempera- 
ture w(‘ll below zero, and the 9,10-dibromide decomposes at room 
temperature. Somewhat more stable dibromides of a-haloanthracenes 
have been prei)ared,^'‘^ and anthracene dichloride has been well charac- 
t(!rizcd.^®® Ttu; isolation of a similar addition product in the furan series 
is report('d by (lilman and Wright.^®* Benzene itself forms addition 
products with chloiinc and bromine, although in this case three mole- 
cules of halogen invariably are absorbed and intermediate products are 
unknown.* Ferric bromide, and other metal halides and halogen car- 
riers, promote the formation of bromobenzene, but in the absence of such 
catalysts benz(!ne is converted into the hexabromidc, the addition reac- 
tion proceeding particularly rapidly in the sunlight. 

It would appear possible on the basis of the foregoing observations 
that in any case benzene and bromine first combine, probably reversibly, 
to foj-m a l,2-(or 1,4-) dibromide, and that the fate of this unsaturated 
intermediate is dck'rmincd by the presence or absence of a catalyst of 
the specific type favoring substitution. Without such a catalyst the 
unsaturat(>d intermediate rapidly absorbs two additional moles of bro- 
mine, but if ferric bromide oi- a similar substance is present this catalyzes 

Armstrong, .7. Chnn. Soc,, 61, 258 (1887). 
i4«Hepp, Bcr., 7 , 1409 (1874). 

Hell and Wiegiiiidt, Ber., 37 , 1431 (1904) ; Klages and Heilmann, Bcr., 37 , 1455 
(1904). 

BarnoU and Cook, J. Chern. Soc., 126 , 1084 (1924); Barnett and Mathews, Rec. 
trav, chim.j 43 , 530 (1924). 

Meyer and Zahn, Ann., 396 , 171 (1913), 

Gilman and Wright, J. A?)). Chern. Soc., 62, 3349 (1930). 

♦ For references to work on mixed halides, see van der Linden, Rec. trav. chim., 66 , 282 
(1936). 
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the elimination of hydrogen bromide and a stable substitution product 
results. There are some indications in the chemistry of aliphatic halogen 
compounds that metal halides can function in the manner postulated. 
Gustavson observed that, in the Friedel and Crafts reaction with ben- 



zene, n-propyl bromide yields isopropylbenzene, and Kekul4 showed', 
that this is because the normal halide is converted into the isomeric 
halide under the influence of the aluminum bromide employed to effect 
the condensation. Presumably the isomerization is the result of the 
catalyzed elimination of hydrogen bromide, and re-addition, and Kerez 
reported that propylene can be obtained on conducting the isomerization 
at an elevated temperature. Victor Meyer observed that on bromina- 
tion of aliphatic halides in the presence of ferric chloride or antimony 
pentachloride the second halogen invariably enters a position adjacent 
to that occupied by the first, and he considered that the reaction probably 
proceeds as follows: 

RCHiCHBrR' RCH=CHR' RCHBrCHBrR' 


The plausibility of the classical addition-elimination theory as applied 
to bromination has been the subject of much debate, but only recently 
has the validity of the mechanism been submitted to direct test. The 
matter hinges on the question of whether a dibromide is a necessary 
precursor of a given bromo-substitution product, and, although the 
dibromide of benzene is not available for experimentation, there is no 
theoretical objection to the use of the crystalline 9,10-dibromides of 
phenanthrene and anthracene to settle the point at issue. Prices under- 

See Wagner, Ber., 11 . 1251 (1878). 

Kekul6 and Schrottcr, Ber., 12 , 2279 (1879); Gustavson, l?cr., 16 , 958 (1883). 

Kerez, Ann., 231 , 285 (1885). 

^67 Meyer and Mliller, J. prakL Chem., [2] 46 , 182 (1892) ; Meyer and Petrenko- 
Kritschenko, Ber., 26 , 3304 (1892). 

Price, J. Am. Chem. Soc., 68 , 1834, 2101 (1936) ; see also, Fieser and Price, ibid., 
€ 8 , 1838 (1936). 



AROMATIC CHARACTER 


181 


took an investigation of phenanthrene dibromide with this end in view 
and found, in the first place, that the addition reaction between phenan- 
threne and bromine in non-aqueous solvents is reversible and that the 
position of the equilibrium and the rate of the reaction are measurable by 
analytical methods (— = 3.2 Cal.). He found further that the 
addition of bromine is a chain reaction, possibly propagated by free radi- 
cals and bromine atoms (1), the evidence being that the reaction is in- 
hibited by substances such as diphenylamine and tetrabromohydro- 
quinone which can donate atoms of hydrogen to combine with bromine 
atoms and break the chain, reverting thereby to stable compounds (tetra- 


fCH 

fCHBr Br, 

fCHBr 


C12H8 II +lii CijHgJ 

1 C12H8I 

1 +Br 

( 1 ) 

ICH 

CH 

[CHBr 



phenylhydrazine, tctrabromoquinone). Estimations of the number of 
molecules in the chain indicated that the chain length decreases with in- 
creasing temperature, which accounts for the absence of a temperature 
coefiicient in the measured reaction. Kharasch, White, and Mayo 
later showed that the addition is a photochemical, oxygen-catalyzed re- 
action. 

On investigating the influence of various halogenation catalysts, 
Pri(!e observed that aluminum chloiide, antimony pentachloride, stannic 
chloride, iodine, and similar s\ibstances promote the substitution reac- 
tion, as indi(^ated by the liberation of hydrogen bromide, when added to a 
solution containing phenanthrene, bromine, and the dibromide. Some 
of these reagents influence the addition reaction as well, and the effect 
may b(i either to ac(!el(U'ate or to nstard the addition of bromine. Iodine 
inhibits the formation of phenanthrene dibromide, probably by inter- 
acting with (lhain-propagating bromine atoms, but it acts as a typical 
catalyst of the reaction leading to the production of 9-bromophenan- 
threne and the liberation of hydrogen bromide. The most important 
point at issue was to determine whether these products arise from the 
direct decomposition of phenanthnme dibromide or by some other route, 
and the results supported the latter conclusion. The pure dibromide is 
stable in solution at 25° and does not revert to the equilibrium mixture 
containing phenanthrene and bromine unless a trace of free bromine is 
present. The addition of iodine to a solution of the pure dibromide pro- 
duces no change, and hydrogen bromide is liberated only after a trace of 
free bromine has been introduced. The rate of HBr-formation is then no 
greater than in a solution initially containing equivalent amounts of 
phenanthrene and bromine. Evidently 9-bromophenanthrene is not 

Kharaach, White, and Mayo, J, Org, Chem,, 2 , 574 (1938). 
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produced by the elimination of hydrogen bromide from the addition 
product, and indeed when phenanthrene dibromide is treated with potas- 
sium acetate-hydroxide in methanol solution it yields phenanthrene 
rather than 9 -bromophcnanthrenc.^“ The addition-elimination theory 
seems to be definitely cxcludcid by these observations, and it appears that 
the dibromide is not a necessary precursor of the substitution product 
but that it probably is formed from a radical or ion. If a radical is 

CIIBr [ CBr 

CijHs 1 + A„Brfc Ci 2H» i| -f- IIBr -j- A„Br,._i ( 2 ) 

CII - |CH 

involved in the first phase of the reactions, a catalyst A may function in 
combination with bromine as a hydrogen acceptor and so influence the 
rate of substitution ( 2 ). 

Price notes that the substitution can be interpreted ecpially w'ell oA 
the assumption that the essential intermediatt! subject to influence by 
catalysts is a coordinative complex of a tyjje suggesb^d by Pfeiffer and 
Wizingcr.^®^ These authors observe that the usual catalysts (FcBr,;, 
AICI 3 , SbCls, SnCb, I2) are all substances capable of forming complex 
anions with chlorine or bromine, and thc^y jjostulate the formation of 
polar complexes of the type indicated in formula I. It is considered that 



the ionic charge is only weakly developed except when polar groups are 
present in the ring, and that such groups by repulsion or attraction deter- 
mine the localization of the charge and hence fix the orientation (hoc 
below). The formulation is supported by the iseflation of compl(?xes as 
intermediates in the bromination of a,rt-di-(7)-dimethylaminophenyl)- 
ethylene, for example, { [(CH3)2 NCbH 4 — ]2C"'’ — CH2Br}Br3“. Accord- 
ing to this theory, the bromination of yjhenanthrene follows the course 
indicated in scheme ( 3 ), w'here A is the catalyst molecvile. 

fCH r fCIIBr'l+ fCBr 

+ J ABr-^CisIIsjl^^^ -|- IIBr -f- A (3) 

leopieser, Jacobsen, and Price, J, Am. Chem. Soc., 68, 21(r^ (1936). 

Pfeiffer and Wizinger, Ann., 461 , 132 (192S). See also Pfeiffer and Schneider, J. 
prakt. Chem., [2j 129 , 129 (1931) ; Wizinger, Z. angew. Chem., 44 , 469 (1931) ; ibid., 46 , 
756 (1933); Meerwoin, ibid., 38, 815 (1925). 
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The conclusions regarding halogenation probably are applicable to 
the Friedel and Crafts reac.tion, for there is considerable correspondence 
in the two processes. Both reactions proceed under the catalytic influ- 
ence of specific metal halides, and hydrogen halide is a product of both 
substitutions.^®^ In the catalyzed reaction of acid chlorides, there is 
some analogy in the action of these substances and of bromine on com- 
pounds containing isolated double bonds. Darzens ^®® observed an inter- 
mediate addition in the reaction of a(;ctyl chloride with cycloh(!xene, and 
the chloroketonc II was further characterized by Wieland and Bettag.*®^ 

IbC CH CII3COCI H2C CHCOCII3 AICI3 H3C CCOCH, 

Ibi AICI3 ^ ^ Hai dll+HCl 

Niih/' ^cib/^ N:ib'^ 

n III 

The addition o(!Curs at a temperature of — 1 8°, and, at a somewhat higher 
temperature, in the pniseiuH! of alumiinim chloride, hydrogen (dilorido is 
eliminated and tlu' unsatuiaU'd ketone III is produced. The analogy to 
the addition of bromine to an alkene and to the catalytic decomposition of 
a bromide is evident. The Darzens I'eaction has been adapted to syntht'tic 
purpose's '®® and affords a convenient nw'thod of effecting cyclizations. 
Because of the reactivity of the; isolate'd elhylenic linkage as (ompared to 
a benzenoid double bond, the milder condensing agent stannic (hloride is 
u.sually employed to effect the addition, and hydrogen chloride is elimi- 
nated with the use of dimethylanilim'. 

From a practical point of view, there; are' important differences in the 
Friedel ami Crafts synthesis of ke'tones and of alkylated hydrocarbons. 
In the fonner case the unsaturated grenip intreiduced decreases the reac- 
tivity of the nue;leus and a sharji stopping pe)int is reae;hed at the stage of 
mono.substitution, wlu'reas the; intreiductiein of an alkyl group facilitates 
further redaction and some polysubstitution is inevitable. This difference, 
however, does not alter the theoretical aspects, and the same can be said 
of the fact that the amount of aluminum chloride required for the reac- 
tion with alkyl halid('s is only a small fraction of that wliich must be used 
to effect condensation with an acyl halide or an anhydride. In the typical 
Friedel and Crafts kiitone synthesis both the acid chloride and riiaction 
product form with aluminum chloride complexes which are stable in the 
anhydrous reaction mixture, and it is neiicvssary to employ at least one 

Schaarsohniidt, Z. angeiv. Chem., 37, 28G, 802 (1924). 
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full equivalent of the metal halide. A number of these complexes were 
isolated by Perrier,*®® and Kohler *®* found from boiling-point and freez- 
ing-point determinations that the Perrier compounds invariably are 
composed of two molecules of the carbonyl compound and one (“double”) 
molecule of aluminum halide: AI 2 X 0 • 2RCOC1, and Al2X6'2R2CO. 
It was established further that the complexes are not formed by addition 
to the carbonyl group, for aluminum halidts form double compounds 
with ethers as well as with carbonyl compounds. With this observation, 
Kohler characterized the Perrier compounds as oxonium salts, and the 
work was confirmed and extended by Pfeiffer.’®® Kohler employed the 



noncommittal formulation IV, for the benzoyl chloride complex, and a 
possible interpretation is giv('n in formula V. 

Oddly enough, instead of playing an essc'iitial pari, in the ketone 
synthesis, these complexes if anything hinder the reaction. This is 
particularly true of the double compound of the ketone formed in the 
condensation. It is because the ketone binds aluminum chloride so 
firmly as to render it unavailable for catalysis that a molecxilar equivak'nt 
of the halide is requinsd to comi)lete the reaction. The complex from the 
acid chloride, although it is not measurably dissociated in boiling carbon 
disulfide solution, aijpears to be .somewhat less stabk^, for Olivier ’®* 
found that the addition of benzophenone to a solution containing the 
Perrier compound from benzoyl chloride and aluminum chloride ])re- 
vented the reaction of this compound with benzene. The ketoiu; evi- 
dently abstracts the metal halide from the acid chloride compk'x. Olivier 
observed further that a slight excess of free aluminum chloride, has a 
stronger catalytic action than that bound by the acid chloride. I'he 
Perrier compounds therefore are not concerned with the actual substitu- 
tion reaction, and their formation in the course of one type of Friedel 
and Crafts condensation is fortuitous. 

Many years ago Gustavson isolated labile complexes from benzene 
or toluene and metal halides, for example AlBrs-SCeHe (or possibly 
Al 2 Br 6 -fiCeHe), and he suggested that these .secondary valence com- 
pounds may activate the ring for reaction with halogens. The idea was 

‘“Perrier, Compl. rend., 116 , 1140, 1298 (189.3); 119 , 276 (1894). 

Kohler, Am. Chem. J., 24 , 385 (1900) ; 27 , 241 (1902). 

Pfeiffer and Haack, Ann., 460 , 150 (1928). 

1“ Olivier, Chem. Weekblad, 11, 372 (1914). 

Gustavson, Ber., 13 , 157 (1880) ; 16 , 784 (1883). 
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later elaborated and applied to the Friedel and Crafts reaction by 
Schaarschmidt,^®^ but there is as yet no evidence that such complexes 
play a part in the actual reaction. Since Gustavson’s complexes are 
stable only at a temperature considerably below that ordinarily main- 
tained in the reactions, it is indeed unlikely that they are concerned with 
the substitutions. If int(!rmediate complex formation constitutes an es- 
sential step in the substitution, this more probably involves a combination 
between the organic halide, the metal halide, and the hydrocarbon. 
From anthraquinone, a carbonyl compound incapable of undergoing the 
Friedel and Crafts reaction, Kohler succeeded in isolating a complex 
containing three components, Al2Br6 •C14H8O2 •2C6H6. When a reac- 
tive carbonyl component (acid chloride, anhydride) is used, it is possible 
that a similarly constituted but labile complex is formed. In view of the 
clear analogy between the Friedel and Crafts reaction and the process of 
catalytic halogenation, the most plausible formulation is perhaps that of 
Pfeiffer and Wizinger. 



+ 2RC1 + AljClo 




1]^^ -I- 2HC1 + AhCU 


Reactions of Phenols and Amines. Certain substitution reactions 
are so specific to phenols and amine's, in contrast to other aromatic com- 
pounds, that ii. will well to consider the possibility that they follow 
a course different from other substitutions. The coupling reaction, and 
the related i)rocesses of nitrosation and condensation with p-nitroso- 
dimethylaniline, fall into this (iategory; other specific substitutions in- 
clude the rapid, non-catalytic halogenation of phenols and amines in 
dilute solution, the condensation of these substances with aldehydes, 
and the formation of various types of C^alkyl derivatives. It is signifi- 
cant that all these reactions are (iharacteristic as well of the aliphatic 
enols, and the mechani.sm probably is e.s.sentially the same with the two 
types. The po.ssibility that the sulxstitution reactions of either the 
phenols or their aliphatic prototypes is associated in any way with 
a process of tautomerism may be eliminated. Dimroth examined 
several pairs of aliphatic keto-enol tautomers which were known not 
to undergo appreciable change under conditions suitable for coupling 
experiments (in alcohol at 0°) and found that only the enolic forms react 
with p-nitrobenzenediazoic acid: — C(OH)=CH — —* — C(OH)= 
C(N=NAr) — . The examples included one pair of a near-aromatic 
type, l-phcnyltriazolone-5-carboxylic acid (la) and the corresponding 

in Thiele, Aim., 306, 129 (1899). 
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enol. While the keio form (Ic) failed to react, the enol (Ib) coupled 
with displacement of the carboxyl group. 


CellsN c/ 

1 nn 

N CO 


CO2H 




la 


CbHbN CCO 2 H 

I II 

N COH 




A test of the point in the aromatic scries became possible with K. H. 
Meyer’s isolation of the pure tautomers aiithranol (IIo.) and anthrone 
(Ilb). While phenols and naphthols show little tendency to ketonijze, 
the isomerization of the 9-hydroxy derivative of anthracent; is favored 
both by the reactive o-quiuonoid structure of the enol and by the sm- 
biliziiig influence on the ccaitral nu (ileus of the koto form exerted by the 
two flanking benzene rings. The cold solution in alcohol contains at 
equilibrium 89 per cent of the nearly colorlc'ss, non-fluoresciont anthrone, 
while pyridine produces complete isomerization to anthranol, a yellow 
substance which is strongly fluorescent in dilute solutions. Acetone, as 


Oil 


0 



llo 


H2 

II6 


compared with alcohol, displaces the equilibrium in favor of the keto 
form. In suitable solvents, and in the absence of acids or bases, the 
change from one form to the other occurs sufficiently slowly to enable 
tests to be made of the reactivity of each tautomer, and Meyer found 
that anthranol alone enters into reactions characteristic of phenols. 
Anthranol couples easily with diazotized amines and is oxidized at once 
to dianthrone, while anthrone rc'acts in each case only to the extent that 
it isomerizes under the conditions of the experiment. There is no justi- 
fication for attempting to associate the special propcirties of phenols and 
amines with the evidently fortuitous fact that these compounds theoreti- 
cally are capable of reacting in tautomeric forms, for in a test case it is 
established that thes ketonic modification is wholly d(!Void of reactivity. 

Another possibility is that the mobile hydrogen atoms of the OH 
and NH 2 groups suffer temporary replacement by the substituting radi- 
cal. The substituent may first enter the hydroxyl or amino side chain 
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and then rearrange to the nucleus, and the hypothesis that the character- 
istic reactions proceed by an indirect substitution or “side-chain 
catalysis” is lent plausibility by the fact that certain substitutions 
definitely follow the course of a true intramolecular rearrangement. A 
case in point is in the preparation of sulfanilic acid from aniline sulfate. 
Bamberger showed that the aniline sulfate loses water on being 
heated and gives phenyLsulfamic acid, IV, which can be prepared also by 
condensing phenylhydroxyl amine with sulfur dioxid(% the product being 
isolated as the stable sodium salt. On moderate heating, the sulfonic 
acid group of IV migrates to the ring to give orthanilic acid, V, which, at 
a higher temperature (180°), rearrang<w to the p-isomer, VI. The forma- 
tion of ortho and para compounds is in marked contrast to the production 
of metanili(! acid by the direct .sulfonation of aniline sulfate with fuming 
sulfuric acid. The rearrangements were interpreted by Lapworth in 



terms of his a, 7 -rule, which in this connection has no theoretical implicar 
tions other than the assumption of the Kekul6 formula, but which is of 
great value in cornslating a large numlx'r of intramolecular shifts. In the 
enol — ♦ keto change, or the reverse, hydrogen migrates from the a- to 
the 7 -position, with transposition of the double bond to the original a,|8- 

CH3 CHs 

I I 

H— 0— C^CHCOjR 0=C— CII 2 CO 2 R (1) 

a 0 y y 0 a 

OH 

I 

RCIICH==CH2 + nci RCn==CHCH2Cl -l- H2O ( 2 ) 

a 0 y 

position (1), while in the allylic rearrangement (2) a similar process 
occurs in the course of the exchange of groups. In the case of an amine 

van Alphen, Rcc. irav. cfmn., 46 , 804 (1927). Sec, also, Blanksma, ibid., 21 , 281 
(1902). 

Bamberger and Hindermann, Bcr., 30, 664 (1897) ; Bamberger and Kunz, Ber,, 30 
2274 (1897). 

Lapworth, J, Chem, Soc., 73, 445 (1898). 
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or phenol derivative, the a,7-niigration of the group A is followed by an 
a, 7-shift of hydrogen in the reverse direction. The para position is 



reached by a second migration in the new a,7-systein. This interpreta- 
tion accounts adequately for the fact that meta derivatives are never 
formed by true rearrangements. 

Other examples of rearrangements (p. 965 ), with indications of the 
nature and direction of the migrations, are given in the accompanying 
formulas. 



In the first three, rearrangement is brought about at low temperatures 
by treatment with acids; N-rnethylaniline rearranges when the hydro- 
chloride is heated to about 300 °, while migration of the triphenyhnethyl 
group occurs at 160 ° in the presence of zinc chloridi^. The question of 
whether reactions of this type proceed by a true intramolecular migra- 
tion or intermolecularly has been investigat'd particularly with reference 
to the conversion of N-chloroacetanilide into p-chloroacetanilide under 
the influence of acids. From an extensive study of the problem, Orton 



and co-workers * concluded that in aqueous acid solution the chloro- 
amine suffers hydrolysis, C6H5N(C1)C0CH3 -|- HCl C6H5NHCOCH3 
+ CI2, and acts as a source of chlorine for a nuclear substitution. Olson 

* The principal evidence is summarized in the following papers and reviews: Orton 
and Jones, Brit Assoc. Advancement Sci. Repts., 1910, p. 85; Ortfin, Soper, and Williams 
/. Chem. Soc., 998 (1928); Ingold, Ann. RepU. Chem. Soc, {London), 24 , 154 (1927). 
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and co-workers studied the rearrangement in the presence of radio- 
active hydrochloric acid, however, and concluded that the reaction 
proceeds partly as suggested by Orton and pai-tly by a more complex 
process.^™ Bell has reporte^d that in non-dissociating solvents the re- 
action is probably intramolecular. 

A particularly clear distinction between rearrangement and direct 
substitution can be made in the case of the formation of o-allylphenols 
by the methods discovered by Claisen.'® Claisen found that potassium 
phcnolate can be converted by the action of allyl bromide largely into 
either the 0-allyl or the C-allyl derivative according as an ionizing or a 
non-ionizing solvent is employed, and he also observed that the allyl 
(;ther VII rearranges to o-allylphcnol (VIII) on being heated. 



P^rom thes(5 fads alone it might be supposed that in the course of reac- 
tion in benzene; solution the ether is formed and re'arranges to the nuclear 
substitution product VIII, but it was found that the ether does not 
rearrange under the conditions of the alkylation. An absolute proof of 



X 


Olson, Portor, Long, and Halford, J. Am. Chem. Soc., 68, 2467 (1936). 

Olson and Ilornel, J. Ory. Chou., 3 , 76 (1938). 

Bell, J. Chan. Soc., 1154 (1936). 

CHaison, Z. angew. Chon., 36 , 478 (1923); Claisen, Kremera, Roth, and Tietze, 
Ann., 442 , 210 (1925) ; Claisen and Tietze, Ann., 449 , 81 (1926). See Torbell, Chem. Ret , 
27 . 495 (1940), 
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the point is furnished by introducing a marking substituent in the allyl 
group, for then the product (IX) obtained by 0-alkylation and rear- 
rangement is found to have the alkyl group in the a-position of the allyl 
chain, whereas the direct alkylation in benzene gives a 7 -substituted 0 - 
allylphcnol, X. The Claisen rearrangement may proceed through an 
a, 7 -shift, or aUylic transformation, with respect to both the nucleus and 
the hydrocarbon group,’^®^ but it is evident that the process is entirely 
distinct from that of direct C-alkylation. A knowledge of the course of 
the former reaction cons(!quently is of no value in elucidating the mecha- 
nism of the substitution. The same distinction exists between the rear- 
rangement of allyl ethers of aliphatic enols and the C-allylation of the 
enols. With respect to direct substitution, the enols differ from t|io 
usual phenols only in being sufficiently reactive to yield C-alkyl dcjrivk- 
tives with saturated alkyl halides, whik^ phenols react in this way only 
TOth the moi’e reactive / 3 , 7 -unsatui’ated alkyl halides. In the case of 
anthranol, however, the distinction vanisht's for, owing to the enhanced 
n'activity of the C('ntral niudens, C-alkylation occurs in part in the reac- 
tions with methyl and ('thyl iodide. 

A direct C-alkylation i)robably is involved also in the first step of 
the Reimer-Tiemann reaction, in the inaniKn- indi(!at('d in the formulas. 
The succeeding steps have been established definit('ly by Armstrong.^®* 



L’CeUsOK 


-I- 2C6T1bOII 


Although the dichloromethyl derivative of phenol has not been isolated, 
evidence that .such an intermediate is produced is afforded by tin; work of 
von Auwers,^®® who discovered an interesting type of by-prodiu^t in inves- 
tigating the reaction of chloroform wth various alkylated phenols in 

*** Ijauer and Fillwrt, J. Am. Chem. Soc., 58, 1388 (1930) ; Laucr and UiiRnade, ildiL, 
68 , 1392 (193G), have reported the anomalous rearrangement (y6H60CH2Cn™CHCJH2C'H3 

C6H4(OH)c;h(CH3;CH--(;hch3. 

182 Armstrong and Richardson, J. Chem, Soc., 496 (1933). 

V. Aimers and Winternitz, Ber., 35, 465 (1902) ; v. Auwers and Keil, Bcr., 35, 4207 
(1902). Woodward, J. Am. Chem. Soc., 62, 1208 (1940), has applied the reaction to the 
synthesis of polynuclear compounds having angular methyl groups. 
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alkaline medium. p-Cresol, for example, wa.s found to yield in addition 
to a hydroxyaldehyde a considerable quantity of a crystalline compound 
which was fully characterized as the chloroketone XI. The substance is 
hydrolyzed only with difficulty, it reacts with the usual ketone reagents, 
and on reduction it yields p-cresol and methylene chloride. Rather than 
block this form of substitution, alkyl groups seem to promote reaction at 
the point of tlu'ir attachment to the nucleus, and the chloroketones are 
sometimes formed in yields as high as 40 per cent of the theoretical 
amount. The formation of these compounds shows clearly that the 
entrance of the dichloromethyl group into the ring, as supposed above, is 
possible. The observation also provides a significant clue regarding the 
mc'chanism of C-alkylation, and cons(!qtiently of the; other specific substi- 
tution reactions of phenols and aniimis. The chloroketone XI cannot 



arise by a process of direct re{)]a(^cm('nl, and a condensation of chloroform 
with the k(!to form of p-cresol is exclink'd by tlie ('vidence presented 
ab()V(^ and by the fact that the reaction is conduct(‘d in a strongly alkaline 
nu'dium. The reaction must involve' some' foi'in of addition of chloro- 
form 1.0 the unsaturated nuch'us, followed by th(i loss of jmtassium 
chloride. The reaction is jearticulaily significant beciuise it involves the 
t.ransformation of an aromatic ring into a dihydi-obenzenoid ring.* 
Such a change is obse'rved fi-eeiiK'iitly Avith the polynuclear compounds 
but, because of the adverser energy rt'lationships, is rarely encountered 
in th(' benzene series. The occuri-i'iice of the addition is particularly 
rcunarkable because an alternate path is open leading to the formation 
of the o-hydroxyaldehyde. For these reasons this case of addition can 
hardly b(' dismissed as an abnormal side reacition but must be regarded 
as intimately associated Avith the process leading to the more usual 
C-alkylation. 

The coupling reaction of araim's and phenols and the process of 
nitrosation are appropriately considennd t.ogt'lher. The similarity be- 

* It is iraporiiint to note that the chloroketone XI does not have a quinonoid structure, 
for only one of two para (;arbon atoms is doubly bound to another element. The degree of 
imsaturation and conjugation is considerately less than that of a (piinone or a quinonoid 
compound and the substance is colorless. The corresponding quinol (OH in place of 
CHCI2) is likewise colorless. 
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tween these two processes extends to the conditions and limits of the 
reactions, the orientations, and the structures of the reagents, at least in 
the forms HO — N=0 and HO — N=NC 6 H 5 . The latter formula is that 
of the substance resulting from the hydrolysis of benzenediazonium 
chloride, [CeHsN^N]'*' + OH” ^ C 6 H 5 N=NOH (the hydrolysis con- 
stant at 0° is 1.25 X 10“^).* In the early hterature the substance was 
termed benzenediazohydrate or benzenediazohydroxide, but, since it is a 
weak acid comparable with nitrous acid and forms metal salts which are 
called diazotates, the name benzenediazoic acud se('ms preferable. Co- 
nant and Peterson studied the kinetics of the coupling of diazotized 
amines with phenols in the region pH 5-8 and found that the rate of the 
bimolecular coupling reaction increases regularly with increasing hV- 
droxyl-ion concentration. The amount of aryldiazoic acid present in 
equilibrium with the diazonium ion inci’oases with increasing pH, and 
Conant and Peterson interpreted their data as indicating tliat coupling 
occurs between the aryldiazoic acid and tin; undissociab'd phenol. Gold- 
schmidt had observed in qualitative' (experiments that alkali in excess 
has a retarding influence on the reaction, and this could be chu' partly to 
the removal of th(e phenol from the equilibrium as the phenoxide ion and 
partly to a decreased concentration of the aryldiazoic acid by virtue of 
its acidic ionization. Wistar and Bartlett,’***’ howcever, have pointed out 
that the results agree equally well with tlu' hypothc'sis that (!ou])ling 
occurs between the diazonium ion and the phcnoxid(^ ion. These inves- 
tigators studied the rate of coupling of diazonium salts with amines in the 
pH range 2-6 and found that the v('locity at first increases with increasing 
pH and then reaches a plateau value. TIu'ir kinetic dat a an; consistent 
with only one plausible interpretation, namely, that the cou])ling is Iw*- 
tween the diazonium ion and the free amine. Although the (juantitative 
studies have not been extended to the alkaline range, it setmis probable 
that in all cases the; diazonium ion constitutes one of the active coupling 
components and that th{i second component is thci free amine or the 
phenoxide ion. In the following discus.sion of th(^ general ])roblem the 
aryldiazoic formulation is used both as a matter of (^onvenienc(' in out- 
lining earlier views and in order not to lose sight of the marked analogy 
between the proces.ses of coupling and of nitrosation. 

The possibility that the coupling of a phenol procecids by att.achm(!nt 
of the diazo group to oxygen and subs(iquent rearrangement of the diazo 

* For a review of the properties and structures of the (iiazo coniftounds, see Saunders, 
‘‘The Aromatic Diazo Compounds,” Longmans, Green and Co. .London (FJ3(3;,pp. 173-2 13. 

Conant and Peterson, J. Am. Chem, Soc., 52 , 1220 (1930). 

18* Goldschmidt and Merz, Ber., 30 , 670 (1897) ; Ber., 36 , 3534 (1902). 

186 Wistar and Bartlett, J. Am. Chem. Soc., 63, 413 (1941). 
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ether was discussed as early as 1870 by Kekul6,^*’ and the hypothesis 
was given prominence by Dimroth’s discovery of ethers of this type. 
From the enolic form of tribenzoylmethane (potassium salt), Dimroth 
obtained a yellow diazo ether which isomerizes when heated above the 
melting point to a red C-azo compound. From the interaction of p- 


OH 0— N=NC«H6 

I I 

C.HiC=C(COC.H,)i + H0N=NC.Hs > CoHiO=C(COCJJ,), 


Heat 
> 


o N=NC6H5 

II 1 

CcHbC— C(C0C6H6)2 


bromobcnzenediazoic acid and p-nitrophenol in the presence of soda 
and alcohol, he succeeded in preparing the labile diazo ether XIII. 
The substance is easily cleaved by acids to p-nitrophenol and a p-bromo- 
benzenediazonium salt, it gives up the diazo group to |8-naphthol with 
liberation of p-nitrophenol, and it is converted into a tnie o-azophcnol, 
XIV, on b('ing heated gently. That the (^ther is sufficiently stable to be 
isolated is probably due to the influence of the nitro group in rendering 
the aromatic ring less susceptible to the entrance of the diazo group, but 
Dimroth recogniz('d that the use of the rather strongly acidic p-nitro- 
phenol has the t heoret ical disadvantage that the product may be merely 
a diazonium salt [BrCV,H 4 N=N]‘'' 02 NC 6 H 40 "'. In a later investiga- 
tion,’® howev('r, it was found that the substance has very little conduc- 
tivity and consequently is not a salt. A true diazo ether was prepared 


OH 0— N=NC6H4Br OH 



also from the weakly acidic pcntamethylphenol, in which nuclear substi- 
tution is impossible, the other component being the unusually stable 
diazonium salt from 4-benzoylamino-l-naphthylamine. The properties 
of the substance are essentially as outlined above, and the conductivity 
is negligible. The product obtained from picric acid, on the other hand, 

Kektilfe and Hidcgh, Ber., 3 , 233 (1870). 

Dimroth and Hartmann, Her., 41 , 4012 (1908). 

Dimroth, Leichtlin, and Friedemaim, Ber,, 60 , 1534 (1917). 
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proved to be a diazonium salt and not a diazo ether. Diazo ethers have 
been prepared also from l-halo-2-naphthoLs.^®" 

While the isolation of diazo ethers seemed to Dimroth to support 
the hypothesis that the ordinary coupling reaction proceeds through the 
formation and rearrangement of an intermediate ether, no evidence has 
been presented to show whether these substances are essential to the 
coupling process, or merely incidental products formed in an independ- 
ent reaction. By analogy with the similarly constituted N-azo com- 
pounds, it may be inh^rred with reasonable assurance that they are 
not conceiiu^d in the actual process of substitution. Diazoaminol)enzc'no 
(XV) results from the interaction of benzenediazonium chloride aiijd 
aniline in a neutral or alkaliiKi medium, and it is reconverted by hydreb- 
chloric acid into the comi)onents, or their transformation product.^. 
Conversion of the N-azo compound into p-aminoazobenzene (XVI) 
can be brought about in a solution of the substance in aniline (‘ontaining 
aniline hydrochloride or in an alcoholic solution of hydrocdiloih^ acid, 
zinc chloride, or calcium chloride. The reaction is unimolc'cular 
and subje(*.t to acid catalysis, but the acidity must be kept below the 
point of total cleavage. The chuT reason for b(4i(‘ving that the reaction 
does not follow the course of an intramolecnilar rearrangement is that the 
diazo group can be captured by a foreign aminc^ which has a sufficiently 
greater susceptibility to nuclear substitution.^^- Wlien submitted to 


Nil— N=NC6H5 



XV 


(CoH^NnsCl) 



K=NC6n5 

XVI 


'^rearrangement^' in the presence of dimethylanilinc, diazoaininoben- 
zene yields a considerable amount of p-dimethylaminoazobenzene. The 
C6H5N=N — residue also can be transf(Tred from diazoaminobenzene to 
the more reactive nucleus of m-toluidine.^^’’^ Of further significance is 
the observation of K. H. Mc'yer that the dirc^ct coupling of primary 
amines of the benzene series, without the preliminary formation of a 
diazoamino compound, can be realized by using a particularly reactive 
diazo component, by employing an amine of enhanci'.d reactivity, or by 
conducting the reaction in a medium of such acidity that the N-azo 

Rowe and Peters, J. Chem, Soc.^ 1005 (1931). 

Goldschmidt and Reinders, R«r., 29 , 1309, 1899 (1890) ; Goldschmidt and Salcher 
Z. physik. Chem,, 29 , 89 (1899). 

Rosenhauer and Unger, Ber., 61 , 392 (1928). 

^•2 Meyer, Rer., 64 , 2265 (1921). 
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compound is not stable. Examples of these processes are found in the 
formation of aminoazo compounds, rather than diazoamino derivatives, 
in the following cases: p-nitrobenzenediazoic acid + aniline, benzenc- 
diazoic acid + m-toluidine or m-phenylenediamine, bonzenediazoic acid 
+ aniline (in aqueous formic a(‘id solution). As stated in an earlier 
section, direct coupling even in a neutral medium is the rule with the 
primaiy amines of the naphthah^ne series, owing to their reactivity. 
These observations all indicate that N-azo and C-azo compounds are 
formed in independent reactions. The apparent 'b*carrangcment^' of 
diazoaminobenzene probably involves acid cleavage to the diazonium 
salt and the amine, followed by a morc^ rapid recombination of the com- 
ponents to give the niu^lear substitution product. Since the acid concen- 
i.ration would remain constant in a given exi)eriment, the rate-controlling 
reaction would be unimolecular. It is coiKiluded that N-azo compounds, 
and l)y infenmce 0-azo compounds, are not essential to the actual process 
of substitution in the (coupling reac^tion. 

In addition to the evidence that an indirecit substitution is not in- 
volved in the c.oupling of phenols and primary amiiK^s, it is significant 
that tertiary amines, with whi(*h intermediate substitution in the side 
chain is not possible, couple readily with diazo components. K. H. 
Meycir discoveixHl that many phenol ethers also are capable of coup- 
ling, although (‘combination takes place less readily than with the 
corrc^sponding frc^' phenols. Some augmentation of the driving force 
is requiivd, and Meyer found that this can be acH^omplished by suitable 
activation of either component. The introduction of nuclear nitro groups 
or halogen atoms incr(uis(‘s the coupling power of the diazo component, 
while alkyl or alkoxyl groups in the nida position (.'nhancjc^ the rc'activity 
of a given ether. Ck)nducting the couifiing in glacial a(*clic^ acid solution 
in the presence of sodium acetate, Meyer obtained azo compounds in the 
following typical cases: 

2 ,4-(N02)2Ccn3N=N0II + anisolc 

e-, W-, or 7>-N02C6H4N=NC)II + resorcinol dimethyl ether or a-naphthol 
inetliyl (^tht'r (but not anisole) 

7>BrCr)H4N=NOH + a-naphthol methyl ether 

C6Tl5N=NOH + phloroglucinol trimcthyl ether 

The acetyl derivatives of phenols and amiiu^s do not react under com- 
parable conditions. Nitrous acid was found to react with a-naphthol 
methyl ether with loss of the methyl group. 

The fact that many phcmol ethers and dialkylamines enter into the 
coupling reaction even though they are incapable of forming inter- 

Meyer and Lenhardt, Ann., 398 , 74 (1913) ; Meyer, Irschick, and Schlosser, Ber. 
47. 1741 (1914). 
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mediate 0-azo or N-azo compounds is a strong indication that such 
intermediates are not essential to the coupling of free phenols and of 
primary and secondary amines. There is little justification for supposing 
that phenol ethers couple by a path different from that taken by the 
phenols simply because they react somewhat less readily, since a high 
degree of reactivity is displayed by the dialkyl derivatives of aniline. 
As an alternate mechanism, applicable to the alkyl derivatives and free 
hydrogen compounds alike, Meyer suggested that coupling proceeds by 
an addition-elimination process. The para coupling of a free phenol is 
regarded as a 1,4-addition to the conjugated system of the nucleus, 
followed by the loss of water, either across the ring (3) or from tl^e 
methylenedihydroxy group (4), and enolization. In the case of in 
ether, the second mode of elimination may take precedence and lead Ip 
hydrolysis, and indeed such a re.sult frequently is observed. According 
to this view the function of the hydroxyl or amino group is simply t6 
activate the unsaturated system for addition. In support of the sug- 
gested mechanism is the observation of Meyer that the methyl ether 
of lO-methyl-9-anthranol, XVII, reacts with p-nitrobenzenediazf)i(! acid 
to give a substance characterized as the methylarylazoanthrone XVIII. 
Some form of addition to the reactive central nucleus evidently occurs 


OR 



yocHs 

R = H, CHs 


ArN=NOn 
> 


OR 




in this case, and according to the above scheme this takes the usual 
course (4) except that enolization cannot occur in the final step. 



O 



H3C N==NC6ll4N02 

XVIII 
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The observations of Meyer concerning the coupling of ethers were 
extended by von Auwcrs,^*® who compared the action of p-nitrobcnzene- 
diazoic acid on a large number of alkylated phenols and their ethers. 
The most significant outcome of this work was the recognition of a very 
interesting difference in the influence of substituent groups depending 
on their location in the nucleus. In agreement with the observations of 
Meyer, von Auwers found that alkyl (or alkoxyl) groups in the meta 
position to the functional group of a phenol or ether facilitate coupling, 
but he observed that alkyl groups in the ortho position had no activating, 
and perhaps a slight inhibiting, effect. w-Xylenol ether (XIX), for 
example, couples more readily than m-cresol ether (XX) or perhaps 
than o-ethyl-TO-xylenol ether (XXI). Coupling occurs with the methyl 
ether of m-cresol, but not with that of o-cresol. 

The influeuee of a meta alkyl group is understandable, for this type 
of group would be expected to facilitate substitution at an adjacent 


OCH 3 OCH 3 OCH 3 



XIX XX XXI 


position. It seems remarkable, however, that the substitution should 
be hind(‘red by a group in the remote ortho position. The blocking 
effect of an ortho group has not been definitely established in the phenol 
ether serii's but has been observed strikingly in the reactions of amines. 
While dimethyl-?rt-toluidine (XXII) couples easily with diazotized am- 
ines, gives a nitroso derivative, and condenses with aldehydes, these 
reactions fail entirely or proceed only slowly or under special conditions 


N(Cri3)2 N(CH3)2 



XXII XXIII 


in the case of dimethyl-o-toluidine, XXIII.'®® * This amine does not 
react with nitrous acid, with formaldehyde (except under forcing condi- 

V. Auwers and Michaelis, 5er,, 47 , 1275 (1914) ; v. Auwers and Borsche, Ber., 48 ^ 
1710 (1915). 

196 irriodlaendcr, Monat^h.^ 19 , 627 (1898). 

* For further examples, see Gnehm and Blumer, Ann., 304 , 87 (1899). 
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tions), or with benzenodiazoic acid, although a coupling can be achieved 
with the more active p-nitrobcnz(!uediazoic acid.^*’^ The same striking 
hindrance to the reactions has been observed with the o-methoxy, 
o-chloro, and o-nitro derivatives of dimethylaniline, all of which behave 
exactly hke the o-methyl comj)ound. Friedlaender noted an abnor- 
mality in the physical properties of all these unr(>active compounds. 
While in the meta and para series there is a steady in(!rease in boiling 
point on passing from the toluidine to the mono- and dimethyl deriva- 
tives, in the orlho series the dimethyl compound boils at a lower tem- 
perature (183°) even than the toluidine (198°). The monomethyl 
compound (207°) occupies a normal position and is normally reactive. 
The fact that ortho groups of different tyjx's ('xert a similar influeneb 
suggests that the effect is of a steric, rather tlian a chemical, nature (sefc 

p.212). _ _ _ _ _ \ 

Karrer reported experiments indicating that in the series of, 
dialkylanilines larg<^ N-alkyl groups inhibit para nitrosation, .and that 
one of the alkyl grou])s may be; ('liminated in the course of diazo (coupling. 
In subsequent work, how('ver, Ilickinbottom and (M>-woik(‘rs suc- 
ceeded in obtaining p-nitroso deriv.at ivc's of dibutyl- and diamylaniliTU's 
and in effectuig normal couplings of diazotized sulfanilic acid with the; 
amines studied by Karrer, and with others having still larg<‘r alkyl 
groups. It nevertheless appejirs that, para substitutions an; rejm'ssed 
to some extent by large N-alkyl groups as well as by other substitucaits. 
Goldschmidt found that the velocity constant for the coupling of 
diethylaniline is only one-sixth that, for dimethyl.aniline. As a possible 
explanation of both types of hindrance, K.arr(‘r suggested that, coupling 
may involve the formation and rapid rearrangciinent of the interniediat e 
ammonium salt XXIV. 



XXIV 



Some analogy is afforded by the work of von Braun who observed a 

Bamberger, Ber,, 28 , 843 (1895) ; Bamberger and Meimberg, Bcr., 28 , 3891 (1895). 
Karrer, Bcr„ 48 , 1398 (1915). 

Reilly and Hickinbottnin, J, Chem, Soc., 113 , 99 (1918) ; Hiekinbottom and Lambert, 
ibid., 1383 (1939). 

Braun, Ber., 49 , 1101 (1916); v. Braun, Arkuszewski, and Kbhlor, Ber., 61 , 282 

(1918). 
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parallelism in the ease of alkylation of o-substituted dimcthylanilines and 
in the ease of p-substitutions of the compounds. Whatever plausibility 
this mechanistic picture may have as applied to amine coupling, it seems 
hardly admissible as an interpretation of the coupling of a phenol or 
phenol (jther, for an oxonium salt can have little reality in an alkaline 
medium. 

Another possibility is that coupling proceeds by some form of addition 
to the unsaturated system of the aromatic nucleus. The formation of 
ketonic products in the Reimer-Tiemann rc'action, in the coupling of an 
alkylantliranol, and in the bromination and nitration of 1 -substituted 
/ 3 -naphthols points in this direction. Of furthc'r significance is K. H. 
Meyer’s discov(;ry that in certain cases coui)ling (;an be; accomplished 
with compounds having no hydroxyl or amino groups. In the aliphatic 
seric's, azo compounds were obtained from butadiene, isoprene, pipery- 
lene, and, particularly readily, from 2,3-dimothylbutadiene. 

Cll2=C(CH3)C(CIl3)=CH2 + HON=NC6ll4N02(p) 

CH2=C(CH3)C(Cn3)=CH— N=NC6lT4N02(p) + H 2 O 

With an active diazo component having one or two nitro groiips, coupling 
occurs readily in glacial acetic; ac-id solution or in alcohol. Since the 
formation of the azo compound is recognizable from the appearance; of a 
chai'act eristic; color, the reaction has bc'en found useful as a tc'st method 
for c;staljlishing the* presc'uce of a conjugated system of linkages in open- 
chain and alic-yclic compemnds.™^ 

Meyc'i' and l\)chtermann found that the c'xtremely reactive diazo- 
nium salt, from i)icramide couplc;s rapidly with mc;silylene to give in good 
yield the azo compound XXV. L. I. Smith and Paden later oUserved 


NO 2 H 3 C 



XXV 


that pentamethylbenzene (XXVI) and isodurenc (XXvlI) yield trini- 
trobenzeneazo compounds, but that the reaction fails in the case of 

291 Meyer, Bvr., 52 , 1468 (1919) ; Moyer and Tochtormann, Bcr., 64 , 2283 (1921). 

‘202 Terentiev and co-workers, Cornpt. rend. acad. aci. ILR.S.S., 4 , 267 (1935) ; Sci. Bepts. 
Moscow State Vniv., 6, 257 (1936) ; J. Gen. Chein. {V.S.S.R.), 7 , 2026 (1937) ; 8 , 662 (1938); 
Arbusov and Rafikov, ibid.y 7 , 2195 (1937). 

•203 Tieser and (Campbell, J. Am. Chem. Soc., 60, 159 (1938). 

2^^* Smith and Paden, ibid., 56 , 2169 (1934). 
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durene (XXVIII). In each of the three compounds which couple, a 
position in the ring is activated by the directive influence of two ortho 
groups and one para group, while durene lacks the feature of para direc- 
tion. Still more striking is the observation referred to in an earlier section 



XXVI XXVII XXVIII 


(p. 174) that 3,4-bcnzpyrone couples readily with the only modcratdly 
active diazonium salt from p-nitroaniline. 

These observations are important in shovung that oxygen or nitrogc^i 
atoms arc not indispensable to the process of coupling, and hinice that ati 
intermediate attachment of the diazo component to a hydroxyl or amino 
group can hardly repre.sent an essential phase of the ordinary coupling 
reactions. The fact that certain hydrocarbons are cajialile of forming 
azo compounds was considered by Meyer to support tlu^ addition-elimi- 
nation mechanism, and in his view hydroxyl or amino groufis when 
present merely activate the ring for addition. The addition mechanism 
becomes still more attractive if it is extended to include some particijia- 
tion of the key atom of the amines and phenols, as suggested by tlu; 
blocking effi'ct of groups in the ortho position or attached to nitrogen. 
Such a participation is not unreasonable, because the nitrogen or oxygen 
atom concerned is unsaturated, having respectively one and two pairs of 
unshared electrons, and consequently it is in a sense conjugated with the 
unsaturated system of the nucleus, von Auwins called attention to 
this feature of the structures and suggested that the systems C-=C — 
and C=C — C=C — O-":, in w’hic^h the doited lines represent, latent 
valences, are comparable with C==C — C=C and C— (I— C’==C — ('=C. 
Indeed, similar exaltations of the specific refraction and dispersion have 
been found for the two types of systems.*® The gn^at reactivity of the 
phenols, enols, and aminos may be due to this type of (lonjugation, and 
the entire conjugated system extending to the unsaturated oxygen or 
nitrogen atom may well be involved in some way in the coupling reaction. 
It is improbable, however, that the reaction proceeds by an addition in 
the ordinary sense to give an intermediate of a true dihydrobenzenoid 
type, as in the formal rcpre.sentation postulated by Meyer. A substan- 
tial argument against such an addition is the observation that, 3,4-benz- 
pyrene enters readily into the coupling reaction but appears inaccessible 
V. Auwers, 44, 3514 (1911). 
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to additions. Although the formation of azo compounds from amines 
and phenols presents certain interesting peculiarities, the reaction does 
not appear to differ in kind from other aromatic substitutions. 

The nitrosation, bromination, aldehyde condensation, and C-alkylar 
tion of amines and phenols probably fall into the same category as the 
coupling reaction. Some further substitutions are known to be the 
result of intramokicular rearrangement, and there may be still other 
routes leading to the introduction of substituents. An addition of the 
aromatic nucleus to an unsabirated linkage of the reagent conceivably 
may occur in certain cases, for example in the Kolbe synthesis of hydroxy 
acids. The observation that the salicylic acid synthesis can be 



XXIX 


aci;oinpli.shed by hiiating sodium phenyl carbonate (XXIX) suggests 
that the rc'action betwiien sodium phenolate and carbon dioxide may 
involvii the formation and rearrangement of this salt (5). It has been 
reported,*” however, that sodium phenyl carbonate dissociates into its 
components at a temperature below that at which the reaction takes 
place, and, furthermore, known rearrangements of the type pictured do 
not occur under comparable conditions but require acid catalysis. An 
alternative jirojiosal is that the phenolate nucleus adds to a double 
bond of carbon dioxide, with readjustment of the charge to the more 
acidic group (0). Such a mechanism might account for the unusual 
orientations sometimes observed in the Kolbe reaction. jS-Naphthol, 
heated in the form of the sodium salt with carbon dioxide under pressure, 
yields the unstable 1 -carboxylic acid at 120-145°, but gives the more 
stable 3-carboxylic acid in the temperature range 200-250°. Substitu- 
tion at the 3-position seems odd in view of the fact that this position is 
not available for ordinary reactions requiring an enolic group, even when 
the 1-position is blocked. A possible explanation is that the 3-acid, 



Schmitt, J. pTdkf. Chem.^ [2] 31, 397 (1886) 
207 Xijmstra Bz., Bcr., 38, 1375 (1905), 
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which alone is capable of accumulating under the conditions of the 
experiment, is produced from a small amount of a tautomeric A-’ ® form 
of |8-naphthol present in equilibrium with the normal A** * forrn.^® This 
implies, however, that the substitution occurs by a rearrangement, and 
the failure of 1-substituted /3-naphthyl allyl ethers to rearrange at the 
boiling point rend(!rs the explanation unlikely. The addition mechanism 
(6) provides a somewhat more plau.sible account of the reaction, for the 
Cg-hydrogen atom adjacent to the 2-hydroxyl group pi'obably acquires 
some acitivation, even though tliis must be transmitted through a con- 
jugat(^d system of three double bonds, rather than through a double 
bond at the 2,3-position. 

The sanui mode of addition has been discus.sed as a possihllc 
mechanism of the (X)upliug reatdion, and a more inviting applic^ati 
would be to the condensation of phenols and amines with carbonyl co 
pounds such as Michler’s kt^tone or formaldehyde. It might be supV 
posed that the aromatic, component adds, through its mobile ortho or 
para hydrogen atom, to the carbonyl group: 

H0C6n4 H-t-0=C< HOC6lI.,C(OH)< 

Here the addition product would represent the final stage in the reaction, 
whereas a similar addition to benzencdiazoic acid would rc'quire the 
subsequent loss of water. However attractive the hyj)oth(*sis may 
appear because of its .simiilicity, it does not explain the ob.s(U’vation that 
the p-condensation with aldehydes, as well as th(' p-coupling, is subject 
to hindrance by an ortho substituent. The reactions with aldehydes 
and ketones, which proceed best under catalysis by acids or non- 
metallic halides, probably follow rather the course of other sub- 
stitutions. 

The Directive Influence of Substituent Groups. The problem of 
accounting for the influence of groups present in the benzene ring on the 
course of further substitutions has called forth such an enormous amount 
of experimentation and speculation that a bri(^f review of the subject 
must be limited to a presentation of the main facts of the case and to a 
consideration of the more promising interpretations which have beem 
suggested. The principal substituent groups concerned in controlling 
aromatic substitutions are listed in Table II, and the percentages of meta 
substitution, determined chiefly in carefully studied nitrations, provide 
an index of the main nsaction type. Characteristically meta directing 
and ortho-para directing groups are listed in the first two columns, and 
the third column includes an assortment of substituents derived from the 

208 Berginann and Berlin, J. Org. Chem., 3 , 246 (1938). 
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methyl group. References to the literature may be found in the compila- 
tions of Holleman,^® of Ingold, and of Reese.^“ 

TABLE 11 


Directing Effects of Substituent Groups * 


Meta Type 

Oriho-Para Type 

Miscellaneous 

Group 

0/ 

Yo 

Meta 

Group 

(■V 

Yo 

Meta 

Group 

% 

Meta 

- NGs 

93 

— NHo 

— 

-CH 2 C 1 

4 

— CN 

SO 

-NIICOCHa 

2 

— CHCI 2 

34 

--SOJT 

72 

-N(C0CIT3)2 

1 

- CCI 3 

64 

- CHO 

79 

-OH 

3 

— C(C()2Et)3 

57 

— COCHs 

55 

- OCH 3 

— 

-cri 2 F 

17 

- (XloR 

82 

-CH 3 

4 

— CHaBr 

7 

-COnCIIs 

73 

-Cl, Br, I 

— 

--CIl2N()2 

50 

--COoCsTTnbO 

()0 

- C Jlr, 

— 

— CH 2 CH 2 NO 2 

13 

- CGCl 

90 ' 

— CH2C()2n 

— 

— CH2NTT3^ 

49 

— CONlIs 

09 

—CIbCN 

— 

— Cfl2N(CH3)3+ 

88 

— NTl;,*- 

47 

-.-Cn=-CHC()..H(R) 

— 

-(CH2)2N(CH3)3+ 

19 

-N(CIT3);,+ 

100 

— C--rCC() 2 H(R) 

8 

— (CH2)3N(CIl3)3+ 

5 

-AsCCHa):,^- 

98 

-CH-CHNO 2 

— 

— GIT2P(CH3)3+ 

10 

— sb(cn3)3-* 

80 

— N=NC6H5 

— 

— CH2As(CH3)3+ 

3 


* Chiefly ill nitrations — indicates that no meta substitution is known to occur. Where an ionic 
group is indicated, the substance nitrated was the sulfate, nitrate, or picrate. 


Groups of the predominantly meia directing type for the most part 
contain c'ithcr a strongly unsaturated group or a positively charged atom 
adjacent to the ring, while the ortho-para directing groups are saturated, 
or only wi'akly unsaturated. The introduction of an ethylenic hnkage 
is not sufficient to alter the orienting character of an alkyl group, and 
the unsaturation of a phenyl group is not strong enough to promote meta 
direction. The ortho-para directing methyl group is gradually trans- 
formed into a group of the opposite type by the progressive introduction 
of halogen atoms; the introduction of a single carboxyl group produces 
no great change, but with three carboxyls the resulting group becomes 
predominantly meta directing. Since the nitro group is more powerful 
in its influence, the group — CH2NO2 directs largely to the meta position. 
Although a number of groups give rise to almost exclusive ortho-para 

Ilolleman, “Die direkte Einfuhrung von Substituenten in den Benzolkern,’* Veit 
& Comp., Leipzig (1910) ; Chnn. licv,, 1, 189 (1924). 

210 liigold, Ann, Repts. CJiem, Soc, {London) ^ 23 , 129-143 (1920) ; sec also later volumes. 

211 Reese, Chem, Rev.f 14 , 55 (1934), 
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substitution, marked differences in the relative effectiveness is noted on 
pitting one group against another in the same molecule, most conven- 
iently in the pom position. In a competition between the powerful amino 
group and the weakly orienting methyl radical, for example, the former 
group controls the substitution. Similar experiments have established 
the following order of decreasing orienting power: NH2 > OH > OCH3 
> NHAc > OAc. Relative directive potencies of alkoxyl groups, deter- 
mined in nitrations of hydroquinone derivatives, are reported as fol- 
lows: CHgOCl), C2H50(1.64), n-CgHyOCl.SO), zso-C3H70(2.29), n- 
C4H90(1.86), <er<.-C4H90(3.28), n-Ci6H330(2.12). Among the rather 
weakly directing halogen atoms, the order is I > Br > Cl > F. , 

It is of considerable significance that ortho-para directing groups, 
with one exception, facilitate substitution in the ring, while groups ®f 
the meta type have a retarding influence. Groups of the two types may 
be said to activate the nucleus for substitution, and to deactivate it, 
respectively. Toluene, for example, is nitrated fourteen times as fast a®* 
benzene; the monoalkylation of benzene in the Friedel and Oafts 
reaction cannot be accomplished without considerable polysu))stitution. 
The progressive introduction of nitro groups, on the other hand, is accom- 
plished with such increasing difficulty that the reaction is easily stoppcid 
at any desired stage. The course of the reactions of monosubstituled 
derivatives of bicyclic compounds such as biphenyl or naphthalene 
provides a further illustration of the point, for substitution is homo- 
nuclear if the group already present is of the ortho-para type, and hetero- 
nuclear if it is meta directing. The one exception to the rule cited is 
that halogen atoms direct to the ortho and para positions and yet defi- 
nitely deactivate the ring and retard substitution.-'^ Since the course 
of a given substitution is dependent upon the relative velocities of the 
competing reactions, it is often subject to steric effects. TIk^ ratio of 
ortho and para isomerides is particularly susceptible to the influence of 
the steric factor, as can be seen, for example, from the fact that, while 
the ratio of ortho to para substitution in the nitration of toluene' is 58 : 38, 
fert.-butylbenzene is converted almost exclusively into the p-isomer. 

Many attempts have been made to formulate a simple rule defining 
the orientation of the various groups in the hope that this might suggest 
a clue to the nature of their action. Discussions of the carlic'.r proposals 
may be found in the reviews by Holleman ^ and by Stewart..^'® More 
recently, rules of substitution have been advanced based upon the fol- 

*>2 Fuchs, Monatsh., 38, 331 (1917). 

Goldsworthy, J, Chem. Soc., 1148 (1936). 

Wibaut, Rec. trav. chim., 34, 241 (1915). 

Stewart, “Recent Advances in Organic Chemistry,” 5th ed., Longmans, Green and 
Co., London (1927), Vol. I, pp. 322-328. 
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lowing data: the periodic table, polarities estimated from electronic 
configurations,^*^ electric moments,^*® dissociation constants,**® qualita- 
tive analogy with inorganic metathetical reactions.**® A correlation with 
the effect of nuclear substituents on the rates and equilibria of reactions 
involving a group in the side chain is indicated in the interesting calcula- 
tions of Hammett,*** and it has been shown *** that groups which lower 
the potential of a parent quinone facilitate substitution in the benzene 
ring, whereas those which produce an increase in the potential retard 
benzene substitution (halogen atoms and meta directing groups). 

The Electronic Theory of Aromatic Substitution (by P. D. Bartlett). 
Throughout the present century attempts have been made to base an in- 
terpretation of aromatic substitution upon the undoubted electrical char- 
acter of chemical bonds. Early attempts in this direction by Fry **® 
and by Sticglitz **■* assumed a completely polar character for all the car- 
bon-carbon bonds in the benzene ring. A key atom, such as the nitrogen 
of nitrobenzene, was supposed to induce alternating polarities in the 
atoms of th{! rings, and those polarities would determine the orientation 
with which an attacking reagent could add to one of the double bonds 
of the ring. The substitution process wa.s regarded as an addition fol- 
lowed immediately by an elimination. The polarity of the key atom 
could bt^ predicted from its general chemical character. For example, the 
nitrog(m of the nitro group was presumed to be positive with respect to 
the two oxygens; this made C-1 of the ring negative, C-2 positive, C-3 
negative?, and so on. 

This theory had the merit of self-consistency: the key atoms of the 
nitro, nitroso, carbonyl, sulfonate, nitrile, and even quaternary ammo- 
nium, groui)s were all seen to be positive and to lead to meta direction. 
The key atoms of the hydroxyl, alkoxyl, and amino groups and the 
halogen atc^ms were negative by the same process of reasoning. The the- 
oy failed, however, in several important respects. It predicted unequiv- 
ocally that groups like — CH2NO2 and — CH2N (0113)3’^ should be 
strongly ortho-para directing. The failure of this prediction shows that 
alternatiTig polarities are non-existent in the side chain and so are not 
inherent in chemical bonds generally. The theory therefore postulated 
properties for the bonds in the benzene ring which were apparently with- 

Hammick and Illingworth, J , Chem. Soc., 2358 (1930). 

217 Latimer and Porter, J. Am. Chem. Soc., 52 , 206 (1930). 

2i»S\irbely and Warner, ibid., 67 , 655 (1935). 

21^ McGowan, Chemistry Industry, 607 (1936). 

220Zwecker, Bcr., 69 , 993 (1936). 

Hammett, J. Am. Chem. Soc., 69 , 96 (1937). 

222 Fieser and Fieser, ibid., 67 , 491 (1935). 

223 Fry, Z. physik. Chem., 76 , 385 (1911). 

224 Stieglitz, J. Am. Chem. Soc., 44 , 1299 (1922). 
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out parallel among aliphatic compounds. Also unexplained was the 
unique position of the halogens, which deactivate the ring whUe the other 
ortho-para directing substituents activate it. 

The dualistic approach of Fliirscheim and of Vorlander was more 
flexible. They superposed the idea of a general, non-alternating elec- 
trical polarity upon the older idea of an independent, alternating 
“valence demand,” or “afiinity capacity,” whose relationship to electro- 
static phenomena could not be traced.* The attempt to account for the 
apparent simultaneous production of alternating polarities around the 
benzene ring and a non-alternating effect has been the task of modern 
electronic theories. 

During the; last twenty years this problem has been attacked through 
a theoretical approach c.ontributed to largely by Lapworth, Robinson, 
and Ingold. t These thc'ories were approached purely from the direction 
of organic evidence. They advanced gropingly and with a rapidly exw 
panding special nomenclature. They have been more successful thaii 
their pred('cessors in that tluar basic ideas have been indei)endcntly 
derived by quantum mechanics and confirmed by modern physical 
methods of investigating molecular structure. 

The most directly useful of these physical methods is th(' dt'termina- 
tion of dipole moments, and it is this m(“thod which has established th(‘ 
fundamental nature of the alternating and non-alternating electrostatic 
effects of groups. This study has confirmed the* belief that in a bond 
between unlike atoms the electrons are on an average m'arer one atom 
than another. The measurement of these displacemcmts has tak('n the 
guesswork out of the assignment of electrical inductive! ('ffects to grou[)s.t 
It is possible, in saturated compounds, to designate quantitative'ly the 
fractional part of an electronic charge which resides on each atom. It 
is found that all the common functional groups in neutral saturated 
compounds tend to attract electrons at the expense of carbon. Such a 
group at the end of a saturated chain will cause a general deficiency of 
electrons throughout the chain, rapidly damped but with no alternation 
in charge. These “inductive” effects are responsible for many chemical 
phenomena, such as the influence of substituents upon the dissociation 
constants of acids, but inductive effects do not divide the substituent 

♦ For a review of these older theories, see Hcnrich, “Theories of Or^^anic C'hemistry,” 
translation of 4th edition by .Johnson and Hahn, .John Wiley & Sons, New York (1922), 
pp. 175-236. 

t For reviews see Robinson, “Outline of an Electrochemioal (Eleotronie) Theory of the 
Course of Organie Reactions,” Institute of Chemistry of Great Britain and Ireland (1932) ; 
Ingold, Chem. Rtv., 15 , 225 (1934). 

} For a review of the early contributions of dipole moment study to organic chemistry, 
see Sidgwick, “The Covalent Link in Chemistry,” Cornell University Press (1933) 
Chapter 5. 
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groups into the right classes to provide a complete explanation of aro- 
matic substitution. They arc often overshadowed by effects of reso- 
nance, which were discovered as follows. 

Every attempt to isolate isomers which differ only in the arrange- 
ment of bonds or electrons, while having identical positions of all the 
atoms, has n^sulted in failure. An important example is provided by the 
two o-xylene structures of Kckul6 (pp. 121, 135). This failure has often 
been attributed to excessive stability of the one or the other fonn, or (as 
in the case of the o-xylenes) to very rapid interconversion between them. 
According to all recent physical studies of molecular structure (Chapter 
26), such isomers cannot exist separately except in the rare event of 
th(‘ir having diffenmt numbers of unpaired electrons. Instead, if a 
molecule can be represented in two or more electronic or bond structures, 
without moving any atoms, then the molecule will show characteristics 
of all such structures, and no one of them can exist independently of the 
others. This is the principle of resonance. If a molecule may have two 
exactly ('quivalent bond structures, then the molecule resembles one of 
these structures as much as the other, but is more stable than cither alone 
would be by a large “resonance (mergy.” The typical example of this is 
benzene, whose two K('kul6 bond structures have identical (mergies. If 
benzfine is a resonance! hybrid, and not a mixture of tautomers, two 
physical methods should give evidence of this. In the first place, since 
single! and double be)nds between carbon atoms have the characteristic 
lengths 1.54 and 1.34 A, respectively, x-ray and electron diffraction 
studies of benzene! shenild show sue-h distances for Kekul4 molecules. 
It is certain that there are no C — C distances in benzene as great or as 
small as these limits. The! electron diffraction pattern of benzene is 
indistinguishable from that of a regidar hexagon 1.39 ± 0.02 A on a side, 
although the mcthe)d is not sensitive enough to detect deviations from 
regularity of the order of a few hvmdredths of an Angstrom unit. The 
vibrations of benzene as repealed in its infra-red, Raman, and fluores- 
cence spectra are considered to be compatible only wdth complete hex- 
agonal symmetry 

The chemical reactions of a resonance hybrid, unlike its physical 
properties, do not register the permanent state of the molecule, but only 
those states which are developed on the approach of a reagent. For 
example, if ozone enters into reaction with one of the bonds of o-xylene, 
resonance between Kekul6 forms becomes impossible from that moment, 
and in the process of reaction two other double bonds are frozen in the 
corresponding cyclohexatriene positions. Since ozone may be expected 

226 Schomaker and Pauling, J. Am. Chem. Soc., 61, 1770 (1939). 

22« Ingold, Proc. Roy. Soc., A169, 149 (1938). 
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to attack that bond of o-xylene which already most resembles a double 
bond, the formation of both diacetyl and methylglyoxal may be taken to 
indicate that both Kekul^ forms contribute importantly to the structure, 
although these forms have separate existence only during the course of 
being destroyed. It is found most useful to describe the courst; of aro- 
matic reactions largely in terms of individual Kekul6 bond structures, 
but such a structure is best regarded as something developed during the 
attack of the reagent. 

Often two or more bond structures can bo written, both of them sat- 


isfying the criterion of electronic octets, but differing largely in their 
chemical probability. An example of this is found in chlorobenzene 
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Here the principle of resonance still demands that the first structure shall 
not be independent of the second, third, and fourth, but it does not tell 
how important the contribution of the secondary structures will be. 'I'he 
higher their potential energy in comparison to the normal structure (the 
less their probabiUty), the smaller their contribution to the true structure 
of the molecule will be and the less the resonance energy. Both these 
quantities may approach zero if the secondary structures are sufficiently 
improbable, without permitting a sharp dividing line between resonating 
and non-resonating systems. There are also many cases, such as that of 
naphthalene (p. 148) or urea, in which most of the chemical reactions are 
those normal for a single-bond structure, but where methods of studying 
the resting state of the molecule indicate substantial (though subordi- 
nate) contributions from secondary forms. 

For purposes of discussion it is preferable to translate the electronic 
stnictures I-IV into bond structures 
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The question whether these secondary forms contribute appreciably to 
the structure of chlorobenzene must be answered by experiment. Among 
the physical evidence pointing to a detectiblc amount of resonance is 
the fact that aromatic halogen compounds (in common with vinyl 
halides) have markedly diminished electric moments comparesd to satu- 
rated halogen compounds; ^ they also show a shortening of the C — Cl 
bond suggestive of double-bond character. On the organic side, such 
resonance provides interpretation of the diminished reactivity of halogen, 
attached to the aromatic ring and of the directive influence of halogens 
in addition reactions to vinyl halides and in aromatic substitution. 

Phenols, phenol ethers, and amines are the other common aromatic 
compounds which are capable of this type of resonance by virtue of hav- 
ing unshared electrons on the first atom of the substituent. The evidence 
of sharply altered dipole moments in comparison to aliphatic analogs is 
here even more striking than in chlorobenzene. In addition an interpre- 
tation is afforded of the acidity of phenols (and enols), the weakness of 
aromatic amines as bases (compare p. 212), and the directive power and 
extreme activating influence of the hydroxyl and amino groups. 

A phenol and its anion are both capable of resonance with structures 
having negative charges in the ortho and pom positions 


OH OH+ OH+ OH+ 



© 

0-0 O 0 



In the phenol these secondary structures involve a separation of electric 
charge, which might be expected to oppose their occurrence, as in 
chlorobenzene. In the anion, however, this separation of charge is 
absent, and the secondary forms must therefore contribute more and 
make the resonance energy higher in comparison to the neutral phenol. 
This is a factor favoring the ionization equilibrium which is lacking in 
the acidic ionization of an alcohol.* 

22^ Sutton, ibid., A133, 668 (1931) ; Trans. Faraday Soc., 30, 789 (1934). 

228 Brockway and Palmer, J. A?n. Chem. Soc,, 59, 2181 (1937). 

* The resemblance of these bond structures to those of keto-enol tautomers led to the 
original designation “tautomeric effect” by Robinson, who postulated such intramolecular 
tendencies long before the principle of resonance was enunciated. This term was not 
intended to imply a true tautomerism. 
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A similar analysis applied to the ionization of the dimethylanilinium 
ion shows that resonance makes it a stronger acid, and dimethylaniline 
itself therefore a weaker base, than in the case of a similar saturated 
amine. 

With regard to the ease and orientation of aromatic substitution the 
Robinson-Ingold theory adopts the postulate, common to earlier theo- 
ries, that the reagents which bring about substitution function as elec- 
tron acceptors, and hence react preferentially at the points of high 
electron density in the nucleus. With a few reagents, such as mercuric 
acetate and the benzenediazonium ion (see p. 192), this electron-seeking 
character is obvious. It is not obvious in the case of molecular halogens 
that a halogen atom will enter the ring bearing a positive charge, aind 
yet there is experimental evidence that the addition of halogen to an 
aliphatic double bond takes this eourse.^^® It is assumed that the othW 
common reagents yield substitution by paths similar to these. The 
bromination of dimethylaniline is represented > 

CH3 


Br-Br -b 




Br Br 

Pfeiffer and Wizinger have developed aliphatic analogies to this 
process. The choice of the para (or ortho) position is conditioned by two 
facts: (1) that it is already a center of excess negative charge, due to 
the resonance in the amine molecule; and (2) that an easy reaction 
path is available because the quinol-like transition state V (also capable 
of resonance with three other bond structures) is able to accommodate 
the positive charge long enough for a carbon-bromine bond to be formed 
and the carbon-hydrogen bond to be broken. The possibility of a cer- 
tain amount of stabilizing resonance in the transition state as depicted 


229 Bartlett and Tarbell, ihid.^ 58 , 466 (1936) ; Tarbell and Bartlett, ihid.^ 69 , 407 (1937) 
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also helps to explain why aromatic substitution proceeds by this path 
rather than by way of completed addition to one of the double bonds 
of the ring. The latter mechanism would eliminate so much stabilizing 
resonance as to constitute a very difficult path of reaction. 

In the halobenzenes a transition state of a form like V offers a better 
reaction path than one involving attack of the bromine in one of the 
meta positions. Nevertheless, in the resting state of the molecule the 
normal form of chlorobenzene is so much more important than the 
secondary forms that the chlorine is still the strongly negative end of a 
dipole and all positions of the ring are deficient in electrons compared 
to benzene. This is the explanation given of the simultaneous deactiva- 
tion and ortho-para directive influence of the halogen atoms. 

Any group whose net effect is to make electrons pennanently Uss 
available at the ortho and para positions must be not only deactivating, 
but also meta directing. This is true of the trimethylanilinium ion, the 
nitro, sulfonyl, nitrile, and carbonyl groups. Any drift of electrons 
toward Ci brought about by an inductive effect will be at the expense of 
carbon atoms 2, 4, and 6, kiaving atoms 3 and 5 relatively less affected. 
The .situation is especially clear when resonance is possible, as in the nitro 
group 



e 


If these secondary structures are of any importance in the molecule 
then only the meta positions will have enough electron density to make a 
reaction with the usual reagents possible. The ortho and para positions 
should prove inviting points of attack for electron-donor reagents, and 
reaction is indeed observed at these positions in the formation of o-nitro- 
phenol from potassium hydroxide and air,^®* the reaction of trinitroben- 
zene with hydroxylamine to give picramide,^^' and .similar reactions. 

In cert ain substitution processes apparently proceeding through free 
radicals the u.sual orientation rules are not applicable. The electronic 
theory of substitution has given little attention to this case. 

A stereochemical consequence of resonance, first pointed out by 

ssoWohl, Bcr., 32 , 3487 (1899). 

231 Meisenheimer and Patzig, Ber,, 39 , 2534 (1906). 

232 Hey and Waters, Chmu Rev., 21 , 178 (1937). 
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Birtles and Hampson,^**® has helped to explain a puzzling case of steric 
hindrance commented upon earlier in this chapter. Since resonance is 
possible only between structures having the atoms in the same positions, 
it follows that the spatial arrangement of the atoms in nitrobenzene must 
be compatible with all the resonating bond structures. This means that 
all the atoms attached to double-bonded atoms must lie in the same 
plane, or the resonance will be damped. Similar considerations apply to 
dimethylaniline. 

CHsv /CH3 CHs\ + /CHa CHav + /CHa CHa\ /CHa 



e 


Lvi vn VIII IX 

Although the form VI might have free rotation about the C — N bond, the 
forms VII, VIII, and IX must be coplanar, and therefore the molecule 
will remain coplanar at all times if these make any important contribu- 
tion to its structure. If now a nitro or a methyl group is present in the 
ortho position, this coplanar arrangement becomes untenable on account 
of the steric interference of the groups. Anything which forces the 
dimethylamino group out of the plane of the ring damps the resonance 
and the effects resulting from the resonance may be expected to dis- 
appear. These include: (1) the special electric moment associated with 
aromatic amines, (2) the activation of the ortho and j)arn positions toward 
substitution, and (3) the activation of the ortho and para hydrogen in 
condensation and exchange reactions. Hampson and his co-workers 
have found striking dipole-moment effects of this sort. The anomalous 
boiling points of the hindered methylanilines may well be related to 
such reduced polarities. The remarkable inhibition of the diazo coupling 
reaction when a methyl group is ortho to a dimethylamino (but not to a 
monomethylamino) group is discussed on p. 197. An inhibited deuterium 
exchange in deutero-alcohol has been found for similar cases by Brown, 
Kharasch, and co-workers.®®^ It is noteworthy in all these results that 
the damping of resonance is not absolute, even when conditions are im- 
posed upon the molecule which are sterically very unfavorable to some of 
the bond structures. 

233 Birtles and Hampson, J. Chem. Soc.y 10 (1937); Ingham and Hampson, ibid.y 981 
(1939). 

234 Brown, Kharasch, and Sprowls, J. Org, Chem.y 4 , 442 (1939) ; see also Brown, 
Widiger, and Letang, J, Am, Chem, Soc., 61 , 2597 (1939). 
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In the light of damped resonance it is not to be expected that cyclo- 
octatetraene (p. 129) will show the stability of an aromatic compound. 
In order to exist without strain the molecule must take a puckered form 
in which carbon atoms 1, 4, 5, and 8 lie in an upper plane and carbon atoms 
2, 3, 6, and 7 occupy a lower plane. This preserves all bond angles at 
their normal value and brings atoms 1, 2, 3, and 4 all into one plane, 


H H 



atoms 3, 4, 5, and 6 all into another plane, etc. Any such spatial arrange- 
ment is incompatible with the alternative ])lacing of the double bonds, for 
atoms 2, 3, 4, and 5 are not in a single plane, nor is any other sequence of 
four atoms in a position favorable to the second Kekul6 structure. 
Resonance must then be damped scnwc^Iy unless the mok^cule adopts a 
coplanar arrangement, and this would involve angular strain. 


GENERAL REFERENCES 

Karrer, “Organic Chemistry/’ Nordemann Publishing Co., New York (1938) 
pp. 339-588. 

Richter- A N scnitTZ, “Chomie der Kohlenatoffverhiiidungen,” 12th ed., Akademischc 
Verlagsgesellsc-haft, Leipzig (1935), Vol. 11, 2nd half, x)p. 7-766. 

IlttcKEL, “''I'hiMiretischc Grundlagcn der orgaiiischcn Chemie,” 2nd od., Akademische 
Vcrlagsgesellschaft, Leipzig (1934), Vol. I. pp. 364-409, 431-439. 

Gattermann and Wiei.and, “Ijaboratory Methods of Organic Chemistry,” trans- 
lated from the 24th German edition by W. McCartney, The Macmillan Co., 
New York (1937). 

Francis, “Notes on Organic Chemistry,” Arnold and Co., London (1935), pp. 
454-518. 

Mayer, “Chomie der organischen Farbstoffe,” 3rd ed., Springer, Berlin (1934) 
Vol. I, pp 27-34. 



CHAPTER 4 


STEREOISOMERISM 

Ralph L. Shriner 
Indiana University 
Roger Adams, and C. S. Marvel 
University of Illinois 


CONTENTS 1 

PART PA^P 

^ 1. Introduction 218 

Optical Isomerism. General Theory 220 

Optical Activity 220 

Optical Activity Due to Crystal Structure 220 

Optical Activity Due to Molecular Structure 221 

Principles of Molecular Asymmetry 221 

Spatial Arrangements of Valencies of Atoms 221 

Evidence for the Tetrahedral Carbon Atom ... 222 

III. Optical Isomerism of Compounds Containing AsYMMirruK’ Carbon 

/ Atoms 224 

Molecules Containing One Asymmetric Carbon Atom 224 

General Concepts 224 

Properties of Enantiomorphs 227 

Principle of Free Rotation 228 

Compounds Containing I'wo Different Asymmetric Carbon Atoms . . . 229 

Mirror-Image Relationship 229 

Diastereoisomers 230 

Notation 230 

Formation of a Compound Containing Two Different Asymmetric 
Carbon Atoms from a Compound Containing Only One Asymmetric 

Carbon Atom 230 

Compounds Containing Two Similar Asymiru'tric Carbon Atoms . . . 232 

Racemic and meso-Tartaric Acids ... 232 

Compounds Containing Three Different Asymmetrif; Carbon At-orns 234 
Compounds Containing Three Asymmetric Carbon Atoms, Two of 

Which Arc the Same 234 

Compounds Containing Four Asymmetric Carbon Atoms 235 

Compounds Containing Five Asymmetric Carbon Atoms 236 

Compounds Containing Asymmetric Carbon Atoms in a Branched-Chain 

Structure 237 

Special Ca.ses 238 

General References 240 


214 



OPTICAL ISOMERISM 


215 

PART PAGE 

IV. Racemic Modifications 240 

1. Formation 240 

By Synthesis 240 

By Mixture of Eiiantiomorphs 241 

By the Racemization of an Optically Active Form 241 

Racemization by Physical Means 241 

Racemization Involving Tautomcrization 243 

2. Properties of Racemic Modifications 248 

Racemic Mixture 248 

Racemic Compound 248 

Racemic Solid Solution 249 

Methods for Determining the Nature of Racemic, Modifications . . 249 

Freezing-Point Method 249 

Solubility Method 251 

Existence of a Racemic; Compound in the Liquid State 253 

3. Resolution of Racemic Modifications 254 

(a) Mechanical Separation of Crystals 254 

(h) Preferential Crystallization Due to Ino(;ulation 254 

(c) Conversion to DiastereoisomcTs 256 

(d) Kinetic Method of Resolution 260 

(c) Equilibrium Method of Resolution 261 

(/) Biochemical Processes 263 

^4. Interconversion of Enantiomorphs. The Walden Inversion 264 

(а) Nature of the Reagent 266 

(б) Nature of the Solvent 266 

(c) Nature of the Compound 266 

(d) Temperature 266 

(e) Absolute Configuration 267 

(/) Rotatory Dispersion 268 

(g) Mechanism 269 

^V. PoLARIMETRY 281 

^ Light 281 

Plane-Polarized Light 282 

The Polarimcter 284 

Circularly Polarized Light 285 

Studies with Circularly Polarized Light 287 

General References 290 

Factors Influencing Optical Rotation 290 

Temperature 290 

Wavelength of Light 291 

Solutions 293 

Structure 296 

Concentration 298 

Solvent 298 

Deutero Compounds 302 

Configurational Notation 304 

Mutarotation 305 

Configurational Changes 305 

Structural Changes 306 

Asymmetric Synthesis 308 



ORGANIC CHEMISTRY 


216 

PART PAGE 

^'VI. Optical Isomerism op Cyclic Compounds 315 

Compounds Containing Asymmetrie Carbon Atoms in the Ring . . 315 

Three-Membered Rings 316 

Four-Membered Rings 317 

Five-Mcmbered Rings 320 

Six-Membered Rings 320 

Many-Membered Rings 327 

Fused Ring Systems 328 

VII. Optical Isomerism of Compounds Containing No Individual Asym- 
metric Atoms 336 

Inositol Type 336 

Allenes 337 

Spiranes ^40 

Substituted Biphenyls and Other Compounds Exliibiting Restricted 

Rotation ^3 


VIII. Asymmetric Molecules with Restricted Rotation about Single 

Bonds 

Introduction 

Fundamental Assumptions 

Introduction to Optical Isomerism of Biphenyls 

(A) Compounds Containing Only One Pivot Bond with Restricted 

Rotation 

(B) Compounds Containing More Than One Pivot Bond with Re- 

stricted Rotation 

X-Ray Data 

Experimental Evidence for the Coaxial-Noncoplanar Model .... 
Elimination of 0{)tical Activity through 2,2'-Ring Closure . . . 

Unsymmetrical Substitution in Each Ring 

Physical Data 

Characteristics of Biphenyl Isomerism 

Experimental Evidence Relative to the Size of the 2/2',(),6'-Groui)s . . 

Non-Resol vable 2,2',G,6'-Tetrasubstitutcd Compounds 

Resolvable but l^]asily Raccinized Biphenyls 

Relative Effect of Various Groups in Restricting Rotation .... 
Replacement of a Group in the 2,2',6,6'-Position of an Opti(*ally Ac- 
tive Biphenyl 

2,2'- and 2-Substituted Biphenyls 

Steric Effects of Atoms or Groups Combined to the Atom Attached 

to the Ring 

Substituents in Positions Other than the 2, 2', 6, 6' 

Comparison of Isomeric 2,2',6-Trisubstitut(id Gornpouiuls .... 
Comparative Rates of Racemization of Active Biphenyls and Their 

Salts 

Polyphenyl Systems 

Restricted Rotation Due to a Many-Membered Ring in the 5,6'-Posi- 

tions 

Extension into Non-Benzenoid Ring Compounds 

Phenylquinones, Phenylpyrroles, Bipyrryls, Bipyridyls 

Dipyrrylbenzenes 


343 

343 

343 

347 

349 

350 

351 

352 

353 

355 

356 

358 

359 
361 

361 

362 

363 

364 

366 

367 
369 

369 

370 

373 

374 
374 
377 



OPTICAL ISOMERISM 


217 

PART PAGE 

Other Types of Compounds with Restricted Rotation 377 

Carbon-Nitrogen Restriction 377 

Carbon-Carbon Restriction 379 

Carbon-Oxygen Restriction 381 

Summary 382 

IX. Optical Activity of Free Radicals, Carbanions, and Carbonium 

Ions 383 

Free Radicals 383 

Carbanions 388 

Carbonium Ions 397 

X. Optical Isomerism of Elements Other Than Carbon 400 

Elements with a Tetrahedral Distribution of Their Valencies .... 401 

Silicon 401 

Nitrogen 402 

Trivalent Nitrogen Compounds 402 

Quaternary Ammonium Salts 413 

Amine Oxides 417 

Sulfur 419 

Sulfonium Salts 419 

Sulfinic Esters and Sulfoxides 421 

Sulfilimines 422 

Selenium 423 

Tellurium 424 

Tin 424 

Germanium 425 

Phosphorus 425 

Arsenic 426 

Boron, Beryllium, Copper, and Zinc 432 

Palladium 433 

Platinum 434 

Elements with an Octahedral Distribution of Valencies 434 

Elements with a Planar Distribution of Valencies 438 

Nickel 440 

Palladium 440 

Platinum 441 

cis-trans Isomerism (Geometric Isomerism) 444 

Introduction 444 

Compounds Containing Double Bonds 445 

Carbon-Carbon Double Bonds 446 

Determination of Configuration 447 

Interconversion of cis4rans Isomers 453 

Chemical Behavior of ds-trans Isomers 459 

Relationship of Olefins to Acetylenes 460 

Relationship of cis-trans Isomers to Saturated Derivatives ... 461 

The Diels- Alder Reaction 462 

cis-trans Isomers in Polyolefins 464 



218 


ORGANIC CHEMISTRY 


FAQEl 


Carbon-Nitrogen Double Bonds in Oximes^; 465 

Determination of Configuration 467 

Interconversion of syn- and anti-Oximes 472 

Other Carbon-Nitrogen Double Bonds 473 

Nitrogen-Nitrogen Double Bonds 473 

Cyclic Compounds 477 

Carbocyclic Compounds 477 

Relationship between ds-trans and Optical Isomerism in Cyclic 

Compounds 478 

Determination of Configuration 478 

Interconversion of Isomers 482 

Heterocyclic Compounds 483 

Condensed Ring Systems 484 

Terphenyl Derivatives 4$6 

Genebal References 4^ 


PART 1. INTRODUCTION 

/ The term “isomers” is generally applied to those compounds which 
have the same molecular formula, but which differ in at least one of their 
physical or chemical properties. In terms of the structure of the mole- 
cule, this means that isomers differ in the arrangement of the atoms in 
the molecule.^ In fact, it has been the existence of many types of isomer- 
ism, especially of carbon compounds, which has been the chief reason 
for the extensive developments in attemj)ts to represent the spatial 
arrangements of the atoms. The fundamental purpose of such structural 
models of molecules is to express as completely as possible the chemical 
and relative physical propert,ies of the compound. For completeness, 
and to show all the types of isomerism exhibited by organic compounds, 
the following classification summarizes the pre.scnt status of this division 
of theoretical organic chemistry. 

(1) Simple Structural Isomerism. The difference between the 
isomers in this group can be adequately expressed by simple 
structural formulas. 

(a) Nucleus or Chain Isomers: compounds whose isomerism 
is due to the arrangement of the carbon atoms. 


Examples: 

CH8CH2CH2CH3 


CHs 


n-Butant 


CH3CHCH3 

tlsobutane 
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(6) Position Isomers: compounds which differ in the position 
occupied by a group with reference to the carbon nucleus. 

Examples: 

Cl 


CH3CIICH3 CH3CH2CH2CI 

2-Chloropropane l-Chloropropane 




o-Bromonitro- 

beuzcne 


(c) Functional Group Isomerism: compounds possessing the 
same molecular formulas but having different functional 
groups; i.e., belonging to different homologous series. 


Examples: 

CH3CII2OH 

Ethyl alcohol 

CH3COCH3 

Acetone 


CH3OCH3 

Methyl ether 

CH3CH2CHO 

Propionaldehyde 


Tautomers constitute a special case of functional group 
isomerism. I'hey are isomers which are directly and 
readily interconvertible. 

Example: 

0 OH 


CH3CCH2C02C2H6 CIl3C=CHC02C2H6 

itefo-Form cnoi-Form 

Acetoacetic ester 

(2) Stereoisomerism or Space Isomerism. Isomers possessing the 
same molecular formulas and the same functional groups but 
which differ in the three-dimensional space arrangement of the 
atoms or groups within the molecule are said to be stereoisomers.^ 

The discussion in the following sections will be limited to a con- 
sideration of the fundamental concepts of the two common types of 
stereoisomerism which are: 

(а) Optical isomerism. 

(б) cis-trans Isomerism (geometrical isomerism). 
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PART n. OPTICAL ISOMERISM. GENERAL THEORY 
Ralph L. Shriner and Roger Adams 
Optical Activity 

'^^Experimentally it has been observed that only certain substances, 
both organic and inorganic, possess the power of rotating the plane of 
polarized light (p. 282). Examination of the nature of these optically 
active compounds has shown that only those structures (crystalline or 
molecular) which possess mirror images not superimposable upon the 
original are able to affect plane-polarized light. Such compounds afe 
generally termed asymmetric because their structure is without coni- 
plete symmetry from a geometrical standpoint.^ This requirement for 
optical activity will become clearer as the discussion progresses; 
Optically active substances may be divided into two classes depending' 
upon whether activity is due to crystal structure or to molecular 
structure. 

Optical Activity Due to Crystal Structure. A familiar example of this 
type is quartz, which is found to exist as dextro and leva rotatory crystals, 
commonly known as d- and Z-fonns. X-ray examination of these quartz 
crystals has shown that the crystal lattice is built up of silicon and 
oxygen atoms so arranged that a spiral stairciise effect is obtained. The 
mirror image of this crystal lattice is not identical with it, and hence the 
crystal is asymmetric and rotates plane-polarized light. 

Optically active crystals, such as quartz or sodium chlorate, are often 
hemihedral, and the crystals themselves are mirror images of each other. 
This relationship is not always true, since many optically active crystals 
show no trace of hemihedral faces. Optical activity has been observed 
in isotropic, uniaxial, and biaxial crystals. Table I lists some of the 
compounds which are optically active in the crystalline state only. 


Isotropic Crystals 
Sodium chlorate 
Sodium bromate 
Sodium uranyl acetate 
Sodium sulfantimonate 


TABLE I 

Uniaxial Crystals 
Quartz 
Cinnabar 

Potassium dithionate 
Benzil 


Biaxial Crystals 
Hydrazine sulfate 
Barium formate 
Iodic acid 
Zinc sulfate 


Crystals of many other compounds also exhibit optical activity, but 
all substances in this group lose their activity when fused or dissolved in 
a solvent. 
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Optical Activity Due to Molecular Structure. Optically active com- 
pounds in this group rotate the plane of polarized light, regardless of the 
physical state. Optical activity is exhibited by solutions of the com- 
pound, as well as by the pure compound in the crystalline, liquid, or 
gaseous state. In a few compounds the crystals may possess hemihedral 
faces and be mirror images of each other, but this relationship between 
crystals is not universally true. The optical activity must hence be 
ascribed to, and be dependent upon, the structure of the molecule. 

Principles of Molecular Asjnnmetry 

/Molecules with spatial arrangements of their atoms which are as3Tn- 
metric may exist in optically active forms. As mentioned above, the 
configuration of such a molecule is characterized by the fact that it is not 
identical with its mirror image. The molecule and its mirror image are 
frequently called enantiomorphs and are identical with each other in 
their chemical and physical properties except in the rotation of plane- 
polarized light. The optical activity is the same in degree but opposite 
in sign.'^It is relatively simple to determine from the structural model 
of a molecule whether a non-identical mirror image is possible. 

Tlie above statements are very general and cover all cases in which 
optical activity is due to the structure of the molecule. For purposes 
of discussion it is convenient to divide such asymmetric molecules into 
two groups. 

1. Compounds in which an individual atom is asymmetric. 

2. Molecules containing no individual asymmetric atoms. 

Their asymmetry is due to the absence of any of the necessary elements 
of symmetry which permit the mirror image of the molecule to be super- 
imposable. 

Many examples of both types are known. The largest number is 
found in the first group in which the asymmetric atom is carbon, but 
other atoms may also give rise to optical isomers. The three-dimensional 
space model is evidently dependent upon the directional distribution 
of the valence forces of these atoms. 

"^Spatial Arrangements of Valencies of Atoms 

The study of the physical and chemical properties of the stereoiso- 
mers of compounds of twenty-three elements has led to the conclusion 
that the distribution of valencies is tetrahedral, octahedral, or planar. 
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Group I. Tetrahedral Configuration. 



Be, B, C, N, Si, P, S, Cu, 
Te, Ge, Pt, Pd. 


Group II. Octahedral Configuration. 


Zn, As, Se, Sn, 



Al, Cr, Fe, Co, Zn, As, Rh, Ru, Ir, Pt. 
(Cu, Ni?) 


Group III. Planar Configuration. 



Ni, Pt, Pd. 


Of all the elements investigated, carbon has been the most exhaustively 
studied. In 1874 Le Bel and van’t Hoff independently and simul- 
taneously proposed that the four valencies of carbon in its compounds 
were distributed in three dimensions, van’t Hoff regarded the valence 
bonds as equidistant from each other and so arranged that a regular 
tetrahedron resulted by joining the ends of the valence bonds by 
straight lines. Le Bel on the other hand did not consider that the 
carbon atom had such a rigid structure. The experimental evidence of 
the past sixty-eight years has fully confirmed their hypothesis although 
the idea of a perfectly tetrahedral model with the four valencies abso- 
lutely fixed in a rigid position, at angles of 109° 28' apart, has undergone 
some modification. 

Evidence for the Tetrahedral Carbon Atom 

1. The four valencies of carbon are identical. 

2. A consideration of all types of isomerism of carbon compounds 
on the basis of a planar, pyramidal, and tetrahedral configuration of 
the carbon atom has shown that only the tetrahedral is consistent with 
all the facts. Thus, a planar or pyramidal configuration calls for two 
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geometrical isomers of compounds of the type € 0262 ; a pyramidal con- 
figuration calls for optical isomers of Cazbc; no such isomers are known. 
In the case of Cabcd only two optical isomers are known. 


Ok yC 

3. Ethylenic compounds with the structure /C=C\ exhibit geo- 
metrical isomerism but not optical isomerism (p. 446). Allenes with 
the structure /C=C=C'^ 


'<f give rise to optical isomers and not geo- 
^6 


6 '^ 

metrical isomers. 

oV V a 

4. Spiranes of the type K are resolvable into d- and l- 

b/\ /\ b 

forms. If the carbon atom were planar or pyramidal no resolution 
would be possible. 

5. No cases of stereoisomerism due to the acetylenic linkage arc 
known. 

R— C=C— R 


6 . The chemistry of carbon rings, their formation, stability, strain- 
less rings, double and triple bonds in ring.s — all these are consistent only 
with the tetrahedral arrangement (p. 68 ). 

7. The measun'inents of dipole moments (p. 1752) have served to 
confirm the above chemical evidence from the physical side. Thus, in 
the .series of simple halogenated methanes given below, the perfectly 
symmetrical molecules, methane and carbon tetrachloride, have moments 
of zero. 

CH4 CH3CI CH2CI2 CHCI3 CCI4 

M = 0 (i = 1-85 X 10 w M = 1<5 X 10 « M = 1.05 X lO'W = 0 

The other three have an unequal distribution of mass and electrostatic 
charges about the central carbon atom and hence possess definite dipole 
moments. 

8 . The structure of many complex cyclic, bicylic, and tricyclic 
compounds requires a tetrahedral carbon atom in constructing the 
models of .such molecules. Planar or pyramidal carbon atoms would 
not permit the construction of such models without involving enormous 
strains. 

The evidence concerning tetrahedral, octahedral, and planar con- 
figurations of the other elements will be considered in Part IX. 
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PART in. OPTICAL ISOMERISM OP COMPOUNDS CONTAINING 
ASYMMETRIC CARBON ATOMS 

\-^olecules Containi^l^Oiie Asymmetric Carbon Atom 

General Concepts, '^sing thc'tefe'ahedral model of the carbon atom 
it is easily observed by means of the structural models that a compound 
containing a carbon atom attached to four different groups, Cabcd, pos- 
sesses a mirror image which cannot be superimposed on the original 
(Figs. 1, 2). Such a molecule is asymmetric, and hence a carbon atom 
of this type is called an asymmetric carbon atom. 


Mirror 



Fig. 1 Fig. 2 


One of the means used to decide whether or not a molecule is asym- 
metric is to determine the presence or absence of a plane of symmetry in 
the molecule. A plane of symmetry is one that will divide a molecule into 



Fig. 3 Fig. 4 

habes, each of which is the mirror image of the other'!) It is clear by examin- 
ing the models of the compounds C04, C036, Cazbc, and Ca2b2 (Figs. 
3, 4, 5, 6) that all of them possess a plane of symmetry (PP). 
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jai?The mirror images of the models represented by Figs. 3, 4, 5, 6 are 
identical with the originals, and no optical isomerism is possible. The 
experimental facts observed on compounds with structures correspond- 



Fig. 5 Fig. 6 

ing to these type formulas confirm these theoretical predictions. ^The 
molecule represented by Fig. 1 possesses no plane of symmetry, and may 
exist in two optically active forms, a dextro and a levo form, represented 
by Figs. 1 and 2. If equal amounts of the two isomers, d- and 1-, are 
mixed together, the optical effect of each form is neutralized by the 
other and a product is obtained which is known as a racemic modification. ^ 

Historically, lactic acid was one of the first compounds examined. It 
was found to exist in; 

1. An inactive form — racemic lactic acid. 

2. A dextrorotatory form — sarco-lactic acid. 

3. A Zei^orotatory form — fcrmentation-lactic acid. 

The models of lactic acid arc represented in Figs. 7 and 8. 



d-Lactic acid Z- Lactic acid 


Inactive or racemic lactic acid (dl-Lactic acid) 

The biological processes in living muscle produce d-lactic acid (Fig. 
7), the action of certain microorganisms on lactose forms Wactic acid 
(Fig. 8), and the laboratory synthesis of lactic acid leads to an equi- 
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molecular mixture of d- and Z-forms which constitutes the inactive 
modification known as racemic lactic acid (dMactic acid). The following 
reactions represent one possible synthesis. 





The starting molecule, propionic acid, cannot exist in optically active 
forms, since it has a plane of symmetry. In the bromination reaction 
either of the two a-hydrogen atoms may be replaced by bromine produc- 
ing d- and Z-a-bromopropionic acids in equal amounts, since the two 
hydrogens are similarly situated in the molecule. The probability of 
obtaining the d-form is hence equal to the probability of obtaining the 
Z-form, and therefore, racemic or tZZ-a-bromoproi)ionic acid results. 
The reaction \vith silver hydroxide must produce dZ-lactic acid from the 
cZZ-a-bromopropionic acid. 

Examination of the gcmeral formulas in Figs. 1 and 2 show's that if 
any tw'o groups are interchanged in one model the resulting structure 
will be identical with the mirror image of the original. Thus, exchang- 
ing the positions occupied by a and h (or any other two groups, a and c, 
a and d, b and c, b and d, or c and d) in Fig. 1 gives a model idt'ntical with 
Fig. 2. Such an exchange was accomplished experimentally by Emil 
Fischer, who thus demonstrated conclusively that the relationship be- 
tween optical isomers mu.st be due to spatial factors and not to any 
structural factors. The reactions. Figs. 9-12, demonstrate the inter- 
change of the carboxyl and amide groups. 

Other experiments have also readily demonstrated that reactions 
which made two groups attached to the orginally asymmetric carbon 
atom identical resulted in optically inactive products. Thus, the hydroly- 
sis of any of the four compounds above leads to the isopropyl malonic 
acid (Fig. 13) which is inactive and cannot exist in optically active forms 
(c/. Fig. 5). 

For many years all the known optically active compounds of carbon 
contained two or more carbon atoms in the molecule. As a consequence, 
there arose the question whether factors, other than the presence of an 
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asymmetric carbon atom, were necessary for optical activity in a mole- 
cule. However, in 1914 Pope and Read established the fact that a 



H u 

leva 


Fig. 12 Fig. 11 

single carbon was all that was necessary, provided that it was asym- 
miitric. The resolution of chloroiodomethanesulfonic acid into its optical 
enantiomorphs (Fig. 14) was accomplished. 



Fig. M 


Properties of Enantiomorphs. Within the limits of experimental 
error all the physical properties of the d- and Worms of a compound are 
identical except the effect on plane-polarized light. In respect to their 
optical rotatory power, each isomer rotates the plane of polarized light 
exactly the same number of degrees but in opposite directions. No other 
distinctive differences between optical isomers which are mirror images 
of each other have ever been noted.* The crystal forms of enantio- 

* Claims have been made that differences between the d- and Z-forms exist. (See 
Campbell, J, Am. Chem. iSoc., 63, 1061 (1931).) The differences are within the experi- 
mental error of the observations and the degree of purity of the materials. 



228 


ORGANIC CHEMISTRY 


morphs may also be mirror images of each other, but this relationship 
of the crystals is unusual. 

Since optical isomers contain the same atoms and groups in the same 
relationship to each other (although in a different spatial order), their 
chemical reactions are identical. In a reaction with another optically 
active molecule, the d- and Worms may react at different rates, but the 
type of reaction is identical. 

Studies on the physiological effects of optical isomers have shown 
that there may or may not be considerable differences between the el- 
and Worms. Where one optically active isomer exhibits a specific dif- 
ference it seems probable that diastcreoisomers are produced by the 
reaction of the optically active agent with some optically active com- 
ponent of the living tissue. Such diastcreoisomers have different prop- 
erties and hence would be expected to cause differing physiological 
action. 

The properties of racemic modifications will be discussed later 
(p. 248). Generally the racemic forms differ in many respects from the 
optically active isomers. 

Principle of Free Rotation. Ethane exists in only one form. This 
means that the two carbon atoms in ethane (Fig. 15) and its derivatives 
must be able to rotate with reference to each other about the single bond 
joining the two together. For example, lack of free rotation in ethylene 



H Bt 

Fra. 16 Fra. 16 Fra. 17 Fia. 18 


bromide would indicate an indefinite number of isomers. Figures 16, 17, 
and 18 represent three such possibilities. Since the number of isomers 
agrees with the idea that the carbon atoms are free to rotate, this 
principle has been accepted as holding true for all simple molecules and 
must be kept in mind in considering structural formulas or models. 

Certain types of molecules have been found in which atoms are joined 
by a single bond but are so substituted that the rotation is restricted 
or prevented. These molecules will be considered in Part VIII. 
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Compounds Containing Two Different Asymmetric Carbon Atoms 

A substituted ethane of the general formula Cabc — Cdef contains two 
different asymmetric carbon atoms, and construction of the models 
shows that four optical isomers corresponding to Figs. 19, 20, 21, and 22 
should exist. 



Mirror-Image Relationship. Experiment fully justifies these models, 
and many cases are known in which all four optical isomers have been 
obtained. The relationship between the isomers is important. The 
molecule corresponding to Fig. 19 is the mirror image of that represented 
by Fig. 20. An equimolecular mixture of these two, therefore, con- 
stitutes a racemic modification. Similarly, the molecules represented 
by Figs. 21 and 22 would also constitute a racemic modification. 

The relationship bcitween the molecules represented by Figs. 19 and 
21 is quite different. They are not identical and are not mirror images 
of each other. A careful examination of the two models shows that 
they differ in the spatial distribution of the groups. Thus, with the 
models in the position shown with group e above group h in both Figs. 
19 and 21, it is clear that d is closer to a in Fig. 19 than in Fig. 21, and 
the same is true for groups / and c. For this reason, the molecules 
represented by Figs. 19 and 21 are called diastereoisomers * Similarly, 
Fig. 19 is also a diastereoisomer of Fig. 22; Fig. 20 is a diastereoisomer 
of Fig. 21 or 22. However, no such differences in the distances between 
the groups exist in the models constituting the pair of mirror images. 
Thus, it should be noted that in Fig. 19 the group o is exactly the same 
distance from the other five groups as the group a in Fig. 20. In 
enantiomorphs, therefore, the groups bear the same space relationship 

* The word diastereoisomer is derived from four Greek words: 6ia, through; arepeos, 
solid or space; laos, equal; and peposj part; isomers through space. The term diamer, a 
contraction of diastereoisomer, is also used, but this term resembles dimer so closely that 
it may lead to confusion. 
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to each other; the only difference is their arrangement. These diastereo- 
isomeric relationships and the above-mentioned enantiomorphic rela- 
tionships hold true, even though one carbon atom rotates with respect 
to the other.* The mirror-image relationship will exist at any point in 
the synchronous rotation of the mirror images. 

v. Diastereoisomers differ from each other in physical properties, 
such as optical rotation, melting point, and solubility. Their chemical 
reactions are of the same type, since they possess the same functional 
groups, but the rates of reaction are different. 

Notation. Various schemes of notation have been developed for 
representing these space models on paper. Figures 23, 24, 25, and ^6 

e e 

-f f d f d d 

■c c a a c c 

h b h 

Fig. 23 Fig. 24 Fig. 25 Fig. 26 

indicate one method for representing the space models shown in Figs. 
19-22. The asymmetric carbon atoms are understood to be present 
where the lines cross, f According to another scheme the top asym- 
metric carbon atom is represented bj' the capital letter A and the bottom 
one by JS, and the configurations by plus, (-f-), and minus, ( — ), signs. J 
Figure 27 thus summarizes the number of isomers for a molecule with 
two different asymmetric carbon atoms. 

A + - -t- - 

B -b - - + 

dl dl 
Fig. 27 

Formation of a Compound Containing Two Different Asymmetric 
Carbon Atoms from a Compound Containing Only One Asymmetric 
Carbon Atom. As a specific example of this transformation the bro- 
mination by the modified Heli-Volhard-Zelinsky method of dextro-fi- 
methylvaleric acid (Fig. 28) may be considered. The configurations of 
the two possible bromo acids are shown in Figs. 29 and 30. 

* The student should satisfy himself that these relationships and statements are true 
by actual construction of the models. 

t In using this system, it is important to visualize the positions of the groups relative 
to the plane of the paper. The groups eb are in the plane of the paper and the groups 
aedf are above the plane of the paper extending toward the observer. This is in accord 
with the Fischer convention. See Hudson, J. Chem, Ed., 18, 353 (1941). 

t Care must l)e taken not to confuse the plus or minus signs with direction of rotation. 
The signs merely denote possible configurations. 
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The bromine may replace either of the two a-hydrogens in the dextro 
acid, resulting in the two optically active diastcreoisomers represented 
bylFigs. 29 and 30 in which the top asymmetric carbon atoms A have 
different configurations, but B has the same configuration as in the 
starting material. The important point to be noted in such a reaction is 
that the two diastereoisomers (Figs. 29, 30) are produced in unequal 
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amounts. This is due to the fact that in the optically active molecule 
(Fig. 28) the two hydrogtm atoms bear different relationships to the 
gro\ips about the asymmc^tric carbon atom B. Hence, they will react 
with the bromine at different rates, and at the end of any given time the 
two products (Figs. 29 and 30) will be present in unequal amounts. This 
production of disastereoisomers in unequal amounts is general for all 
such reactions. It is possible, of course, that equal amounts might 
result, but this would be purely fortuitous. Also, one reaction may pro- 
ceed so rapidly that only one product is actually isolated. 

In the same manncir, the bromination of i!c7>o-/3-methylvaleric acid 
(Fig. 31) i)roduces the two diastcreoisomeric bromo acids (Figs. 32, 33) 
in unequal quantities but in amounts inversely proportional to those 
obtained from the dextro isomer. 
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ll the racemic modification of /S-methylvaleric acid (consisting of 50 
per cent dextro, Fig. 28, and 50 per cent Icvo, Fig. 31) is brominated, all 
four bromo acids will be produced. Owing to the fact that the a-hydro- 
gen atoms in Figs. 28 and 31 have similar relationships, the molecules 
corresponding to Fig. 29 and Fig. 33 will be formed in equal amounts and 
constitute one racemic modification, and Figs. 30 and 32 constitute a 
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second racemic modification. The relative amounts of these racemic 
modifications will be different since their constituents bear a diastereo- 
isomeric relationship to each other, as pointed out above. These two 
racemic modifications will have different physical properties and may 
be separated from each other by crystallization. In this connection, 
it should be recalled that enantiomorphs possess the same physical 
properties and cannot be separated by a process such as fractional 
crystallization. 

These relationships are of fundamental importance, and must be 
thoroughly understood. Most asymmetric syntheses (p. 308) and the 
kinetic method of resolution (p. 260) ultimately rest upon the produetjon 
of diastereoisomers in unequal amounts. The most important method 
of resolution of racemic modifications (p. 256) rests upon the differen^s 
in physical properties of diastereoisomt^rs. \ 

Compounds Containing Two Similar As 3 mimetric Carbon Atoms 

The classical examples of molecules of this type are the isomers of 
tartaric acid, shown in Figs. 34, 35, and 36, and summarized in Fig. 37. 
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d-Tartaric acid is composed of two identical dexirorotatory carbon 
atoms, and the entire molecule is dextro (Fig. 34). Its mirror image, 
i-tartaric acid, is made up of two identical Zewrotatory carbon atoms, 
as shown in Fig. 35. The equimolecular mixture of the two constitutes 
the racemic modification. 

Racemic and meso-Tartaric Acids. The molecule represented by 
Fig. 36 constitutes a new isomer. It is composed of one dextrorotatory 
carbon atom, and an exactly similar Zewrotatory carbon atom. Since 
the two asymmetric carbon atoms are exactly alike, but rotate the 
plane of polarized light the same number of degrees in opposite direc- 
tions, the net rotation will be zero, and the molecule is optically inactive. 
This conclusion is confirmed by examination of the model, since it is 
clear that a plane of symmetry passes through the center of the molecule 
on the line PP'. This form is called meso-tartaric acid. It is optically 
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inactive by irdemal compensation as contrasted with dWartaric acid 
which is optically inactive by external compensation. There is only one 
meso form of tartaric acid since the compound obtained by exchanging 
the hydrogens and hydroxyl groups of Fig. 36 is identical with Fig. 36. 
This meso form is a diastereoisomer of the d- and 1-tartaric acids and 
differs from them in physical properties. Some of these differences are 
shown in Table I. 


TABLE I 

Comparison op Physical Properties of the Four Tartaric Acids 


Property 

d-Tartaric 

Z-Tartaric 

cZZ-Tartaric 

(Compound) 

meso- 

Tartaric 

1 . Melting point 

170° C. 

170° C. 

200° c. 

140° C. 

2. Ionization — Ki 

0.00117 

0.00117 

0.0011 

0.00077 

3. Ionization — K 2 

0.000059 

0 000059 

0.000058 

0.000016 

4. Density 

1.76 

1 76 

1.687 

1.666 

5. Solubility (g. in 100 g. 





H 2 O at 15°) 

139 

139 

20 6 

125 

6. Kefraetivc index 



1.4246 

1.4315 

7. Specific rotation [aj^^ 





(20 per cent solu- 





tion H 2 O) 

+12 

-12 

Inactive 

Inactive 

8. Dipole moments of 





diethyl esters 

3.12 X 10 -’* 

3.12 X 10-’* 

3.16 X 10"i» 

3.69 X 10-’* 

9. Boiling points of di- 





ethyl esters 

157°/11 mm. 

157711 mm. 

157°/11.5 mm. 

157.5°/14 mm. 


158°/14 mm. 


The data in Table I indicate that the d- and Z-forms have the same 
physical properties except their effect on plane-polarized hght. The dl- 
and meso-tartaric acids differ in physical properties from each other 
and from the d- and Z-forms. The data on the diethyl esters are of 
interest since they indicate that the boiling points of the isomers are 
very close together (see footnote, p. 256). The dipole moments of the 
d-, U, and dZ-diethyl tartrates are identical (within experimental error), 
but that of the meso-diethyl tartrate is distinctly higher, which is further 
evidence for the configuration assigned to it. 

Optically active molecules containing more than one asymmetric 
carbon atom have a rotation which is the algebraic sum of the rotations 
of the individual asymmetric atoms. The best evidence for this is the 
fact that the meso form is optically inactive. 
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Compounds Containing Three Different As3mmietric Carbon Atoms 

The conversion of molecules with two different asymmetric carbon 
atoms into compounds with three different asymmetric carbon atoms is 
shown diagrammatically in Fig. 38, in which the arrows represent 
chemical reactions which generate a new asymmetric carbon atom 
different from the two already present. 
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Fig. 39 


There will be eight optical isomers existing as four racemic modifica- 
tions. Any one isomer is a diastereoisorner of each of the others except 
its own mirror image. The aldopentosc's (Fig. 39) constitute a specific 
example of this type, in which all the eight isomers are known. 

Each racemic form of the molecule containing two different asym- 
metric carbon atoms produces two racemic modifications of the com- 
pound vdth thr(ie asymmetric carbon atoms, and these two racemic 
forms will be produced in unequal amounts. 

Compounds Containing Three Asymmetric Carbon Atoms, Two of 

Which Are the Same 

The trihydroxyglutaric acids obtained by oxidation of the pentoses 
have been found to exist in the forms shown in Figs. 40, 41, 42, 43, and 
summarized in Fig. 44. 

In the molecules corresponding to Figs. 40 and 41 the two end asym-. 
metric carbon atoms (as in Fig. 44) are either both dextro or both leva, 
respectively. The entire molecules are mirror images of each other and 
constitute a racemic modification. In these models the central carbon B 
is not asymmetric, since two of the groups attached to it are identical. If, 
however, the two end asymmetric carbon atoms have opposite con- 
figurations, i.e., one A is dextro and the other A is levo, then B has four 
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different groups attached to it. The question therefore arises as to the 
effect such a carbon atom exerts on the molecule. Examination of the 
two models* corresponding to Figs. 42 and 43 shows that each possesses 
a plane of symmetry drawn through the central carbon atom and its 
hydrogen and hydroxyl groups. Hence, these molecules are not asym- 
metric and, therefore, cannot affect plane-polarized light. Experiments 


HO- 


CO2H 


B- 


902 H 

-OH IIO- 


-OH HO- 


-OH HO- 


CO2H 

Fig. 40 


-H HO- 


(JO2H 
-H 
-H 


-H HO- 


CO^H. 
Fig. 41 


HO- 


(fOsM 
-H 


H- 

HO- 


-OH 


Fig. 42 


-H 

COzU 
Fig. 43 


rf-form Z-form meso^ meso-z 

(m.p., 127^) (m.p., 127°) (m.p., 170°) (m.p., 152°) 

V ^ y 

cZZ-Modification 


A + - + 
B 0 

A + - - 

Fig. 44 


+ 

0 


with the trihydroxyglutaric acids have confirmed the fact that such 
molocuh's are not optically active, but are internally compensated or 
meso forms. Since, however, the central carbon can have two different 
configurations by exchanging the H and OH groups as shown in Figs. 42 
and 43, there will be two meso forms. 

A carbon atom of this type, although it holds four different groups, 
poss('sscs a plane of symmetry because of the fact that two of these 
groups an; mirror images of each other. It is, therefore;, not truly asym- 
metric and hence is termed pseudoasymmetric. In order to distinguish 
such pseudoasymmetric carbon atoms in the notation shown by Fig. 44, 
they are represented by circles containing plus or minus signs. 


Compounds Containing Four Asymmetric Carbon Atoms 

The presence of four different asymmetric carbon atoms in a com- 
pound gives rise to sixteen optical isomers which can form eight racemic 
modifications. Figure 45 summarizes the possibilities for such molecules. 
The aldohcxoses (Fig. 46) are molecules of this type. All sixteen isomers 
are known and well characterized. 

In the special case of a molecule containing two pairs of similar 
asymmetric carbon atoms there will be only eight active forms existing 

* The student should build up models corresponding to Figs. 40, 41, 42, and 43, using 
tetrahedral models, and observe the space relationships between these isomers. 
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as four racemic modifications and two additional meso forms. Figure 48 
represents the isomers of the dibasic acids (Fig. 47) obtained by oxida- 
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tion of the primary alcohol and the aldehyde groups of the aldohexcises 
(Fig. 46) mentioned above. 
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Compoimds Containing Five Asymmetric Carbon Atoms 

Construction of the models of a molecule containing five different 
as 3 Tnmetric carbon atoms shows that thirty-two optical isomers exist 
as sixteen racemic modifications. A study of the number of isomers 
found in compounds containing different asymmetric carbon atoms 
in a chain has shown that the number is equal to 2" where n equals the 
number of a.symmetric carbon atoms. This formula is used, therefore, 
to determine the number of isomers rather than building the models or 
drawing the possibilities by the A, B, C, D, E notation. 

A molecule of the type A-B-C-B-A is interesting because of the ques- 
tion concerning the influence exerted by the carbon atom C on the prop- 
erties of some of the isomers. A summary of the sixteen possible 
isomerides is shown in Fig. 49. 

The isomers numbered 1, 2, 3, 4 constitute two racemic modifications. 
Since the ends of these molecules are identical, carbon C is not asym 
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metric. In forms 5, 6, 7, 8 a plane of symmetry is present and the ends 
AB are mirror images of each other. Hence, C is now pseudoasym- 
metric, and four meso forms result. The remainder of the isomers (9-16) 
constitute four racemic modifications. The question concerns the 
properties of these eight forms in each of which the only difference be- 
tween the A-B- on one end and the -B-A on the opposite end of the mole- 
cule is in the sign of one of the A ’s or B’s. Thus, in the molecule 9, the 
two B’s are both dextro, but one A is dextro and the other leva. Is C 
truly asymmetric in this molecule; i.e., dochs it affect plane-polarized 
light and contribute to the rotation of the molecule as a whole? There 
arc two possible solutions, neither of which has as yet been established 
by experiment. 


A 

+ - 

+ 

— 

+ 

+ 

+ 

+ 

+ 

— 

+ 

— 

+ 

— 

+ 

— 

B 

+ - 


+ 

+ 

4- 

— 

- 

+ 

— 

+ 

— 

+ 

— 

+ 

— 

C 




0 

© 

0 

0 

— 

+ 

+ 

— 

+ 

— 

— 

+ 

B 

+ - 

— 

+ 

— 

— 

+ 

+ 

+ 

— 

+ 

— 

— 

+ 

— 

-1- 

A 

+ - 

+ 

— 

— 

— 

— 

— 

— 

+ 

— 

+ 

+ 

— 

+ 

— 


1 2 

3 

4 


() 

7 

8 

> 

9 

10 

11 

12 

13 

14 

15 

16 


(U dl meso forms dl dl dl dl 

Fio. 49 


According to the first possibility C may be truly asymmetric, since 
there is no plane of symmetry, in which case tht; forms 9-16 will consti- 
tute four racemic modifications. Each form will have rotations and 
physical properties different from those of all the others except its own 
mirror image. 

On the other hand, the slight differences represented by 4- 

^ ^ as in form 9 may not enable C to contribute to the total rotation 

of the molecule. If this happened in the molecule under consideration 
th(!n forms 9 and 11 would have the same optical rotation but would 
differ in other physical properties. The same would be true of the 
pairs, 10 and 12, 13 and 15, 14 and 16. 

Compounds Containing Asymmetric Carbon Atoms in a Branched- 

Chain Structure 

The preceding discussion has been limited to a consideration of the 
optical isomers of compounds in which the asymmetric carbon atoms 
were present in a single carbon chain. In branched-chain compounds 
the number of isomers varies somewhat. As long as all the asymmetric 
carbon atoms are different the total number of isomers is equal to 2'‘. 
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Thus, in a molecule of the type in Fig. 50, in which A*, B*, and D* are 
different groups containing an asymmetric carbon atom, the central 
atom C is also asymmetric; hence, since there is a total of 4 asymmetric 
carbon atoms there will be 2* or 16 isomers existing as 8 racemic modi- 
fications. In a molecule of the structure shown in Fig. 51, there are 


B* 

♦ I* 

A—C—D* 

H 

Fig. 50 



E* 


Fig. 51 


5 different asymmetric carbon atoms, and hence 2® or 32 optical isdmers 
(16 racemic modifications). In these types of branched-chain com- 
pounds, therefore, the number of isomers is the same as exists for a 
chain comnound with the same number of different asymmetric carbon 
atoms. 


Special Cases 

Molecules containing three similar asymmetric carbon atoms at- 
tached to a single carbon atom exist in only four active forms consl itut- 
ing two racemic modifications. The.se forms are repr(\s(‘nl ed in Fig. 52, 
in which the capital letter A represents an asymmetric carbon atom and 
three such groups are attached to a central carbon .shown by the tetra- 
hedron. It is evident that the central carbon is never asymmetric under 



dl dl 

Fig. 52 

these conditions, since either two or three groups attached t o it are identi- 
cal. In constructing models of these comjjounds, and also in representing 
their arrangement on paper, it is important to note that the mirror 
image of A"*" is A“. 

A compound with four similar asymmetric carbon atoms (A) at- 
tached to a single carbon may exist in two racemic and a meso modificar 
tion, as indicated by the formulas of Fig. 53. 
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If there are two similar asymmetric carbon atoms A, A and one 
asymmetric group, B, different from A, then there will exist ei^t active 


A+ A~ A~ A* 



dl dl meso 

Fig. 53 

isomers as four racemic modifications; these are summarized in Figs. 
54-61. 
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In the first four forms, Figs. 54, 55, 56, 57, the central carbon 
atom represented by the tetrahedron is not asymmetric, since at 
least two groups are identical. In the last four forms the central 
carbon atom has attached to it a + A and a — ^4 in each case. These 
four models. Figs. 58, 59, 60, and 61, however, arc active OAving to 
the group B. No data are available concerning the relative optical 
and physical properties of isomers like Figs. 58 and 60. The same is true 
for Figs. 59 and 61 . The enantiomorphic forms. Figs. 58 and 59, will have 
equal rotations opiiosite in sign and other physical properties identical. 



Fig. 58 Fig. 59 Fig. 60 Fig. 61 


dl dl 

Mathematical formulas have been developed by Senior^ for calculating 
the number of isomers in these special cases. 

* Senior, Ber., 60B, 73 (1927). 
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An unusual special case occurs in the oxime (Fig. 63) of a ketone of 
the type shown in Fig. 62. The ketone has two similar asymmetric car- 
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bon atoms, and hence exists in a racemic and a meso modification. \The 
syn- and anfe-oximos of the racemic form of the ketone (Fig. 64)\are 
mirror images of (!ach other, as is evident from the fact that the ^nd 
groups are identical. The two oximes shown in Fig. 65 are deprived from 
the meso form of the ketone and are optically active because they con- 
tain no plane of symmetry. The two forms of Fig. 65 are mirror images 
of each other and constitute! a racemic modification. This is rather 
difficult to visualize from the two-dimensional figures, and it is neces- 
sary to construct the models in order to demonstrate the mirror-image 
relationship. 

There arc other special cases involving various arrangements of 
asymmetric carbon atoms, but the number and nature! of the isomers can 
be readily worked out, using the principles discussed above. 
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PART IV. RACEMIC MODIFICATIONS 
1. Formation 

By S3mthesis. In the foregoing section it has been pointed out that 
the conversion of a molecule of the type Ca 26 c into one of the type 
Cabed yields a product which is an equimolecular mixture of the d- and 
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i-antipodes called a racemic modification. Similarly the synthesis of 
molecules containing two, three, or more asymmetric carbon atoms 
results in the formation of racemic modifications. All ordinary chemi- 
cal reactions carried out on optically inactive compounds without the 
use of any optically active reagent and in the absence of circularly 
polarized light invariably produce racemates as the products. 

By Mixture of Enantiomorphs. If equimolecular quantities of the 
d- and 1-antipodes are mixed the resulting product is optically inac- 
tive by external compensation and therefore constitutes a racemic 
modification. 

By the Racemization of an Optically Active Form. Optical isomers 
exhibit varying degrees of stability, and by suitable treatment most of 
them arc ultimately converted to the racemic modifications. If the 
starting material is the dextro form this change involves the conversion 
of half of this d-form to the /-form, and vice versa for the racemization of 
an initial /-form. This phenomenon of racemization may be accom- 
plished by purely physical agents such as heat, light, or solution in a 
solvent. It may also be accomplished by a change in structure involv- 
ing the formation of an optically inactive intermediate which reverts 
to the racemic form of the original. 

Racemization by Physical Means. Many compounds are racemized 
by heat. If d-tartaric acid is heated with a small amount of water the 
racemic acid results together with a small amount of the meso form. 
d-Phenylbromoacetic acid in benzene solution racemizes in three years 
on standing at room temperature.* Other compounds racemizc in a few 
minutes. Some compounds even racemizc while in the solid state, al- 
though the change under these conditions is very slow. When racemi- 
zation occurs spontaneously at room temperature it is called autoracemi- 
zation. 

In general it appears that compounds which have reactive functional 
groups directly attached to the asymmetric carbon atom undergo 
racemization more easily than similar molecules in which the functional 
groups are remote from the asymmetric carbon atom. 

The mechanism of racemization taking place under the influence 
of physical agents has been ascribed by Werner^ to vibrations of the 
groups. If the groups acquire sufficient energy so that the amplitude 
of the vibrations is great enough to bring the four groups momentarily 
into a plane then it is evident that either the d- or /-forms may result. 
Werner 2 illustrated the racemization of a compound containing an 
asymmetric carbon atom by a spherical model. Using the present- 

* Walden, Bcr., SI, 1416 (1898). 

® Werner, “Lehrbuch der Stereochemie,” Jena (1904), p. 49. 
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day tetrahedral concept the racemization would be represented as 
follows: 



d-Form Planar intermediate Z-Form 


There is, of course, no proof of such a mechanism. The energy 
content of optical enantiomorphs is identical, but this does not mean that 
the interconversion is easy. A consid(;rable amount of activation energy 
may be necessary to effect the interconversion. A curve representing 
the change in activation energy with composition is shown in Fig. 1. ’. 



Fig. 1 


If the energy difference (a in Fig. 1) between the (i- or 1- and the 
optically inactive planar intermediate is great then the interconv(!rsion 
is difficult and requires drastic conditions, whereas if the difference is 
small then autoracemization takes place. 

Computation of the energy required to form the planar intermediate 
(shown above) shows that this mechanism is rather improbable. The 
activation energy for this process appears to be about 88 kcal. per mole.® 
Since only about 58.6 kcal. is required to break a carbon-carbon bond it 
appears that purely thermal racemizations probably occur through some 
process which involves breaking of a bond attached to the asymmetric 
carbon atom rather than vibration of the groups into a planar arrange- 
ment. 

It has been found that J-butanol-2 undergoes partial racemization 
when its vapors are passed over zinc chromite, copper, or chromium 
oxide at temperatures from 132° to 218° whereas no racemization 
occurred over Pyrex glass at 600°. Calculations show that the racemiza- 
tion is probably not due to reverse reactions from cither dehydrogena- 
tion or dehydration but very likely is due to a dissociative adsorption of 

* Kincaid and Henriques, J, Am, Chem. Soc., 62, 1474 (1940). 
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the alcohol by the catalyst.* Such a process involves actual breaking of 
one of the bonds directly attached to the asymmetric carbon atom. 

The kinetics of racemization has been studied by many investigators ^ 
and the determination of the velocity constants and the half-life periods 
of optical isomers has proved to be of great value, particularly in correlat- 
ing ease of racemization with certain structural factors such as the size 
of the groups in the biphenyls. 

Racemization is a reversible monomolecular reaction. The equations 
for the calculations of the velocity constants may be derived as follows: 

Consider the racemization of a pure d-form, 

I 


If a = initial concentration of the d and x the amount of d changing 
to I in the time! t, and ki and kz the velocity constants, then, since 
ki = kz = k because the rate of change of the d-form is equal to the rate 
of change of the Worm, the differential equation becomes 


Integrating, 


dz 

dt 


k(a — x) — kz = k{a — 2z) 


. 2.3 , a 


Since the concentrations are proportional to the rotations, if ao is 
the origuial rotation and at the rotation at the end of the time t, i.e.. 


then 


ai)CC a 
at cc (a — 2x) 


k = 


2.3 , ao 

- 7^7 logio — 
2t at 


The half-life period T represents the time in which one-fourth of the 
original d has been converted to I and is calculated from the equation : 

r-|iog..2 


Racemization Involving Tautomerization. If the asymmetric carbon 
atom is in the a-position to a group capable of undergoing tautomeric 

^Burwell, ibid., 69 , 1009 (1937). 

® Smith, ibid., 49 , 43 (1927) ; Campbell and Campbell, ibid., 64 , 3834, 4581 (1932). 
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change® then racemization takes place very readily. The enolization 
of a ketone may be represented by the following general equation. 

.? /° 

R— C— C— R R— C=C— R 


Enolization destroys the asymmetry of the molecule, and hence 
when the enol form reverts to the keto form the probability of obtaining 
the d-form is equal to the probability of obtaining the Z-form thus 
resulting in the racemic modification. In support of this mechanisni, it 
has been found that, whereas mandelic acid (Fig. 2) readily undergpes 
racemization, 

OH OH OH 




C*Hb 


I 

-C— CO 2 H 

I 

H 

d-Form 


I 

CeHi— C=C— OH 


Fio. 2 


CeHs— C— H 

I 

CO 2 H 

Z-Form 


the active atrolactic acids (Fig. 3) are stable and do not undergo race- 
mization; ^ the stability is due to the fact that no hydrogen atom is 
present on the asymmetric carbon atom and hence enolization is not 
possible. 

OH 

I 

C«H6— C— CO 2 H 

I 

CHj 

Atrolactic acid 

Fia. 3 


McKenzie and Smith ® studied the ease of racemization of the follow- 
ing series of amides and found that Z-atrolactamide (Fig. 4) does not 


CH* 

H 

H 

H 

C6HbCCONH2 

1 

C«Il5CCONH2 

1 

C 6 H 6 CCONH 2 

C«HbCCONH2 

1 

OH 

Fig. 4 

1 

OH 

Fig. 5 

■WA 

j 

OCH3 

Fig. 6 

■■ V 

1 

C6H4CH3(p) 
Fig. 7 


Increasing rate of racemization 


•Kipping and Hunter, J, Chem, Soc,, 83, 1009 (1903). 

’ McKenzie and others, ibid., 107, 702, 1681 (1915) ; 123, 1962 (1923) ; Ber., 68, 894 
(1926) ; Schulze and Bosshard, Ber., 18, 388 (1886) ; Rothe, Ber,, 47, 843 (1914) ; Wren, 


J. Chem. Soc., 113, 210 (1918). 

^ McKenzie and Smith, J, Chem, Soc,, 121 , 1348 (1922). 
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undergo racemization in the presence of traces of alkali or potassium 
ethoxide in absolute alcohol. The other amides (Figs. 5, 6, and 7) show 
increasing rates of racemization, which phenomenon parallels the ease of 
enolization of these compounds. 

McKenzie and Wren® have studied the action of alkaline reagents 
on active esters. Saponification of 1-ethyl mandelate with dilute aqueous 
alkalies causes little or no racemization, but the action of alcoholic 
potassium hydroxide causes considerable racemization. The explanation 
is based on the fact that aqueous alkalies cause saponification by the 
following reaction: 


OH 




0 


CeHs— C— C— OC2II6 + KOH 

I 

H 


on 

I /' 

CeHs— C— C— OK 


H 

OH 


OH 

OK - 
OC2H5 


/ 


O 


CeHs— C— C-OK + C2H5OH 

I 

H 


The asymmetric carbon atom is not affected and hence the product 
retains its activity. 

However, when alcoholic potassium hydroxide is the reagent the 
solution contains some potassium ethoxide. 


C2H5OH -f KOH CaHtOK + HjO 


The potassium ethoxide reacts with the optically active ester to 
produce the ester enolate which is optically inactive and is in equi- 
librium with the racemic ester. Hydrolysis of either the optically 


OH OH 

i 1 /OK 

Cells— C—C—OC2H5 + KOC2H6 CeHs— C=C< - 1 - C2H5OH 

I \OC2HB 

it 


H 

levo 

OH 


HOU, 


OH 


^0 


I KOH I 

CeHs— C;— COOK + C2HBOII < CeHs— C— C— OCjHs 


H 

Hacemic 


H 

Racemic 


inactive ester enolate or the racemic ethyl mandelate would, of course, 
produce racemic potassium mandelate. 

* McKenzie and Wren, ibid., 115, 602 (1919) ; Erlenmeyer, Schenkel, and Epprecht, 
Helv. Chim. Acta, 20 , 367 (1937). 
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Conant and Carlson^ studied the rates of enolization of five optically 
active ketones of the type shown in Fig. 8 by noting the rates of racemi- 

R 

I 

At— C— COCHs 

I 

H 

Fig. 8 

zation. The relative rates were found to be dependent on the nature of 
the catalyst and solvent. i 

The use of deuterium compounds has been introduced in order to 
obtain experimental evidence on the interrelationship betwi^en cnpliza- 
tion and racemization. Hsii, Ingold, and Wilson “ compared theJ rate 
of racemization of the optically active Z-phenyl scc-butyl kdtone 
(Fig. 9) with the rate of introduction of deuterium when the ketone was 
treated with sodium deuteroxidc in dioxane-deuterium oxide solution. 
The steps in the process arc probably; 

1. Formation of anion. 

C2II5 Calls 

1 

CsHsCO— C— CHs + Na+(OD) 

I 

II 

Irvo 

Fig. 9 

2. Racemization. 

O CiHs 0 - CaHs 

II I II 

[C,HiC— C— CIIil-Na+ S 2 [C,H,— C-=C— CH,]-Na+ 

Inactive 

O C 2 II 6 

CsHs— C— C— CHs + Na+(OD)- 

I 

D 

Racemic 

Conant and Carlson, J, Am. Chem. Soc., 64 , 4048 (1932). 

Hbu, Ingold, and Wilson, J. Chem. Soc., 78 (1938). See also Ingold and Wilson, 
J. Chem. Soc., 773 (1934) ; Bartlett and Stauffer, J. Am. Chem. Soc., 67 , 2580 (1935) ; Hsii 
and Wilson, J. Chem. Soc., 623 (1936). 


3. Regeneration of ketone. 

O C2H6 

II I 

[CeHs— C— C— CH 3 ]-Na+ + D2O 


[CeHfcCO— C^CH 3 ]-Na+ + HOD 
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By means of a large excess of deuterium oxide the third reaction can 
be driven to completion for all practical purposes. It was actually found 
that the rate of racemization of the optically active ketone paralleled 
the rate of introduction of deuterium. Both processes followed the 
first-order rate law within experimental error. The actual rates were 
not quite identical, but this is ascribed to the fact that the deuterium 
oxide contained some protium oxide. Protium exchanges at a more 
rapid rate than deuterium, and hence the ketone racemized a little more 
rapidly than would have been anticipated if deuterium alone had been 
introduced. 

If a monobasic acid derived from a sugar is dissolved in pyridine or 
quinoline and heated, a change in the configuration of the asymmetric 
carbon atom alpha to the carboxyl group takes place. Figures 10, 11, 12, 
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Fig. 11 
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COjH 
Fig. 13 


and 13 represent the interconversion of 1-arabonic and i-ribonic and of 
d-gluconic and d-mannonic acids. The basic solvent used prevents 
lactone formation and also catalyzes the transformation to an enolic 
intermediate which obviously can affect only the configuration of the 
a-carbon atom. The reaction is reversible and hence represents a con- 
figurational change of the a-asymmetric carbon atom whereas the other 
asymmetric carbon atoms are unaffected. Such a change in the con- 
figuration of one asymmetric carbon atom in a molecule which contains 
two or more asymmetric carbon atoms is called epimerization. This 
cpimcrization of the sugar acids discovered by Emil Fischer “ is not a 
true racemization since the products are diastereoisomers and not mirror 
images. The formation of these epimcrs is best explained on the assump- 
tion of an enolic intermediate. 

Evidence supporting this concept has been obtained by Erlenmeyer 
and his associates, who found that treatment of 1-menthyl d-phenyl- 
bromoacetate in ethyl deuteroxide with potassium ethoxide caused 
epimerization to take place rapidly. An isotopic analysis of the recov- 

Fischer, Bcr., 23 , 799 (1890) ; 24 , 2137, 3622, 4216 (1891) ; 27 , 3193 (1894). 

Erlenmeyer and co-workers, Helv, Chim. Acta, 19 , 129, 543, 1053 (1936) ; ibid., 20 , 
367 (1937). 
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ered ester showed that 0.702 hydrogen atom had been replaced by 
deuterium per mole. The theoretical exchange value is 0.70 calculated 
from consideration of the equilibria and assumption of enolization be- 


1 OK 

CeHs— C— C— OCieHw > CeHs— C=c/ + C2HBOH 

I 1 ^OCieHis 


CzHfiOD 


1 /OD 

CsHb— C— C— OC ieHw < Cells— C=C< + CzHspK 

I I ^OCiellis 

Br Br 


fore epimerization. It should be noted that the above process involves 
the following stereochemical changes: 


A + A A 

B - B - B - 


A + A - 

and 

B - B - 

Diastei eoiaoniers 


2. Properties of Racemic Modifications 

The physical properties of a racemic modification generally differ 
from those of the enantiomorphs from which it is deriv ed. The rela- 
tionships between some of the physical constants of the racemic and 
the optically active forms are discussed below. 

A racemic modification may exist in three forms in the solid state. 
These solid phases may be racemic mixtures, racemic compounds, or 
racemic solid solutions. Analogous types an; found among many com- 
mon inorganic salts. Thus, copper calcium acetate exists as a mixture 
of the two salts above 75° but forms the double salt below this tem- 
perature. The racemic solid solution is analogous to isomorphous 
crystals, such as the alums which form mixed crystals in all proportions. 

Racemic Mixture. This modification is a mechanical mixture of 
individual crystals of the dexlro and levo forms. In some compounds, 
notably in sodium ammonium tartrate, the crystals may possess hemi- 
hedral facets and be themselves enantiomorphic (Figs. 14 and 15). When 
carefully formed, they may be distinguished from each other with the 
aid of a hand lens and separated mechanically. 

Racemic Compotmd. A pair of enantiomorphs can often unite to 
form a molecular compound, all the crystals of which contain equal 
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amounts of both isomers and are identical. Heat is usually evolved dur- 
ing its formation, and its physical properties are markedly different from 
those of its components. Since, however, almost complete dissociation 
occurs when compounds of this type dissolve, ordinary cryoscopic meth- 
ods fail to establish a multiple molecular weight.^^ Presence of an ex- 
cess of one of the active modifications, however. Unfits the extent of the 
dissociation. Thus Walden “ and Patterson have been able to show 
that the values for the molecular weight of racemic diacetyl tartrate are 
considerably greater when det(irmined in active diacetyl tartrate as the 
solvent than in water as the solvent. 




Racemic SoUd Solution.! If a pair of enantiomorphs are also 
isomorphous, they may crystallize together as a solid solution without 
formation of a compound. This modification differs from a racemic 
mixture in that it constitutes but a single phase, as docs a racemic com- 
pound. However, it differs from the latter in that all mixtures com- 
posed of a racemic solid solution and either active form still act as a 
single phase, whereas any mixture composed of a racemic compound and 
either active form constitutes two phases. 

Methods for Determining the Nature of Racemic Modifications. 
In order to distinguish between these three t3rpes of raccnfic modifica- 
tions, Roozeboom has devised two methods. 

Freezing-Point Method. This method requires the preparation of a 
freezing point-composition diagram for mixtures of the racemic modifica- 

♦Cohen, “Theoretical Organic Chemistry,” The Macmillan Co., New York (1928). 
(Courtesy of the publishers.) 

Raoult, Z. jihysik. Chem., 1, 186 (1887) ; Anschutz, Ann., 247, 121 (1888) ; Frankland 
and Pickard, J. Chenu Soc., 69, 128 (1896); Bruni and Padoa, Gazz. chim. liaL, 32, 603 
(1902). 

Walden. Ber., 39, 066 (1906). 

Patterson, Bcr., 38, 4092 (1905). 

t The term “pseudoracemic mixed-crystal,” hitherto used to describe this modifica- 
tion, was introduced by Kipping and Pope. 

Roozeboom, Z, Phyaik, Cheni., 28, 494 (1899). 
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tion with its corresponding antipodes. One may then distinguish be- 
tween the three types in that the diagram for a racemic mixture is 
composed of two curves (Fig. 16); for a racemic compound, of three 
curves (Figs. 17 or 18, depending upon whether the freezing point of 
the racemic compound is higher or lower than that of the antipodes); 
and for a racemic solid solution, one line (Fig. 19). 

Since each of the possible diagrams is symmetrical, only one of the 
enantiomorphs, together with the racemic modification, is necessary for 
the study. 



\ClO%d 10 Q%d \QQ%d 50 Q%d 100%d 50 0%d 

0%l 50 100%i 0%l 50 100%Z Q%1 50 100%1 

Fig. 16 Fig. 17 Fig. 18 

In order to determine wh(‘ther a racemic mixture or racemic com- 
pound is formed, it is merely ni'cessary to add a small amount of either 
the pure d- or pure Worm to the racemic modification and determine 
the freezing point. If this freezing jioint is higher than that of the 
original racemic modification a raci'mic mixture is jiresent; if lower, a 
racemic compound is indicated. As is evidcait from the diagrams of 
Figs. 17 and 18, care must, lx; taken not to add too much of the d- or 
Worm since the fre(!zing point of this comjiosition might fall close to 
one of the vertical axes and a rise in freezing point would be obtained. 



m%d Ofod 

0%l m%i 


Fig. 19 

This method cannot be used if the components form a racemic solid 
solution since the liquidus and solidus curves become identical and hence 
there is only a straight horizontal line between the identical melting 
points of the d- and Worms. (See Fig. 19.) 
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Solubility Method. Roozcboom and also Brani have discussed 
the solubility relationships which vshould exist between optical enanti- 
omorphs, racemic mixtures, racemic compounds, and racemic solid 
solutions from considerations of the phase rule. The curves shown have 
not been established experimentally, nor have their exact shape and 
slope been determined. No experimental data have been presented 
which definitely correlate the melting-point curves given above with 
solubility curves. 

According to Roozeboorn, just as the presence of a second fusible 
solid phase lowers the melting point of an organic compound, so the 
presence of a second soluble phase alters its solubility. Hence, if a 
solubility-composition isotherm for mixtures of a racemic modification 
with its corresponding enantiomorphs is plotted, the result is the same as 
in the previous method, i.e., a racemic mixture gives rise to two curves, a 
racemic compound to three curves, and a racemic solid solution to one 
curve. Here, again, the diagrams are symmetrical, so that only one of 
the active isomers is needed for the study. 

The conclusions drawn from this method arc valid only for the par- 
ticular temperature at which the solubilities are determined. Suppose, 
for example, that a substance crystallizes from water as a racemic mix- 
ture at a temperature <i. The .solubility-composition isotherm, <i (Fig. 
20), then has the form ach, where a and h are the solubilities of the pure 
d-form and pure Worm, and c the solubility of the mixture.* The 




branches ac and be then represent the change in solubility of each form 
as the other form is added. It often happens, however, that the same 
racemic modification can crystallize as a compound at a higher temper- 

Bruni, Gazz, chhn. ital,, 30 , 35 (1900). 

* The shape of these curves depends on the nature of solute and solvent. The point 
c may also lie on a straight line between a and h or may be below the value for a or 5* 
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ature, tz. Its solubility-composition isotherm then has the form dfhge', 
df and eg have the same meaning as ac and be, but instead of being joined 
together directly, they are attached to the emr^e fhg, in which h repre- 
sents the solubility of the racemic compound, and hf and hg represent the 
change in its solubility in the presence of increasing amounts of the d- and 
Z-forms, respectively. The points / and g therefore represent solutions 
saturated with respect in the one case to racemic compound and d-form, 
in the other to racemic compound and Z-form. If solubility-composition 
isotherms for temperatures lower than <2 are plotted, the points / and g 
approach each other along the curves MO and NO, respectively, until 
they meet at 0. The temperature at which this occurs is the transi- 
tion temperature for the racemic modification concerned. Abov^ that 
temperature it will crystallize only as a racemic compound; below it, as 
a racemic mixture. An example is sodium ammonium tartrate with a 
transition temperature of 27.7°. i 

For some racemic modifications the situation is reversed. In this 
event the curves appear as in Fig. 21, whcin; th(5 racemic mixture is now 
the form stable above the transition temperature, and the racemic com- 
pound is the form stable below. An example is rubidium tartrate with 
a transition temperature of 40.4°. 

The solvent, especially when the solute can crystallize with solvent 
of crystallization, plays an important role in determining which form the 
racemic modification possesses in the solid state. Thus sodium ammo- 
nium tartrate as a racemic mixture crystallizes with four moles of water 
for each form, but as a racemic compound with only two; and rubidium 
tartrate crystallizes as a racemic coinpound with two moles of water of 
crystallization but as a racemic mixture with none. In general, the form 
possessing the smaller number of moles of water of crystallization is the 
form obtained above the transition temperature. 

Racemic modifications somc^timc's crystallize from one solvent as a 
mixture, from another as a compound. Here, too, solvent of crystalliza- 
tion probably plays an important role. 

Transition temperatures at which a racemic compound becomes a 
racemic solid solution have also been observ('d. Thus racemic cam- 
phoroxime, above 103°, crystallizes as a solid solution. When this cools 
to 103° or below, the solid solution Ixicomes a compound; the reverse 
change takes place upon reheating to 103°. 

The foregoing discussion outlines the solubility relationships of the 
active forms and the racemic mixtures and compounds. In order to dis- 
tinguish between a racemic mixture and a racemic compound it is only 
necessary to add a crystal of the pure d- or Z-form to a saturated solution 
of the racemic modification at the proper temperature. In the case of 
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the racemic mixture, the crystal does not dissolve, since the solid phase 
of a racemic mixture contains crystals of the d- and Worms. Hence, the 
solution remains optically inactive. However, the addition of crystals 
of either isomer to a saturated solution of a racemic compound results in 
the presence of a new solid phase. The crystal dissolves and the super- 
natant liquid becomes optically active. 

If this solubility test is applied to a saturated solution of a racemic 
solid solution the same results are obtained as if a racemic mixture were 
used. This method, therefore, does not distinguish between racemic 
mixtures and racemic solid solutions. 

In addition to the two methods just described Bruni developed a 
third procedure which involves a study of the eutectics of mixtures of 
the two active forms with a third inert substance. This method can be 
illustrated by Adriani’s ““ study of camphoroxime. The melting- 
point curve of mixtures of the pure d-oxime with naphthalene was first 
studied in order to (k'termine th(; composition of the eutectic. Various 
mixtures of d- and Z-cainphoroxime were then made up and added to 
naphthalene in the same proportion as in the eutectic mixture of the 
pure d-form and naphthalene!. The freezing-point curves of these mix- 
tures were! determined and a plot of the data obtaincsd is shown in 
Fig. 22. Figures 23, 24, and 25 show the data obtained when phenan- 






lOOZd 100 %l 100X(2 lOOZI lOOZd lOOZI lOOZd lOoZi 

Fio. 22 Fig. 23 Fig. 24 Fig. 25 

threne, benzoin, and anthracene were used in place of naphthalene. 
The curves indicate that between GO and 90° dZ-camphoroxime exists 
as a racemic compound, but at 106° as a racemic solid solution. 

Existence of a Racemic Compound in the Liquid State. While many 
experiments have been performed in attempts to establish the existence 
of liquid racemic compounds, the only satisfactory evidence is that ob- 
tained from diagrams such as those of Figs. 17 and 18. The flatness 
of the freezing-point curve at its maximum is an approximate measure of 
the degree of dissociation of the racemic compound at its freezing point. 
By means of this fact, Ross and Somerville showed that racemic cam- 

Bruni, Atti. accad. Lined, [5] 8 1, 332 (1899) : Gazz. ckim. ited., 30, 35 (1900). 
Adriani, Z. physik. Chem., 36, 168 (1901). 

Ross and Somerville, J. Chem. Soc., 2770 (1926). 
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phoric acid dissociated upon melting to the extent of about 12 per cent, 
and, similarly, racemic methyl hydrogen camphorate about 18 per cent. 
On the other hand, for temperatures above their freezing point, liquid 
racemic substances always behave as mixtures. 

3. Resolution of Racemic Modifications 

The fact that optical antipodes have the same physical properties, 
with the exception of the effect on polarized light, means that special 
methods must be used in order to separate them. It was Pasteur who 
accomplished the first separation of the optical forms from a racemic 
modification and developed many of the procedures for resolution. 

(a) Mechanical Separation of Crystals. When a racemic modi- 
fication is allowed to crystallize from a solution under conditions which 
permit the separation of a racemic mixture then the solid phase consists 
of two kinds of crystals, one of which is composed of the dextro and the 
other of the levo isomer. If these crystals possess hemil'cdral facets 
which permit them to be distinguished from each other, then they may 
be separated by means of a pair of twecz('rs and a hand lens. It was 
in this manner that Past(;ur“ in 1848 separated the d- and Worms of 
sodium ammonium tartrate, the crystal forms of which are shown in 
Figs. 14 and 15 (p. 249). 

This method has found useful application in only a few instances. 
It cannot be used to nisolve racemic coinjwunds or solid solutions which 
do not possess convenient transition tempc'raturcs permitting crystal- 
lization as racemic mixtures. Also, many racemic cr>'stals do not possess 
the requisite hemihedrism by which they may be distinguished. Even 
where definite hemihedral crystals are possible, considerablii skill and 
patience are required to grow suitable crystals. 

(b) Preferential Crystallization Due to Inoculation. A more prac- 
tical way of accomplishing a direct separation of the enantiornorphs in a 
racemic mixture is in some way to cause but one of the forms to crystal- 
lize from a supersaturated solution of the mixture, leaving the other be- 
hind. 

It has been found that an aqueous solution of racemic ammonium 
hydrogen malate deposits an initial crop of crystals which are optically 
active and which are found to consist of three parts of the i-salt to 
one part of the d-salt. Thus a partial resolution of the di-malate has 
taken place. Malic acid has been resolved by crystallization of inactive 
ammonium molybdomalate. The preferential separation of one form 
depends on inoculation of a supersaturated solution with an active form. 

“ Pasteur, Ann, chim, phys,, [3] 24 , 442 (1848). 
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Lactic acid has been resolved by inoculation of a concentrated solution 
of the zinc ammonium salt with crystals of the active salt. In some 
instances, merely an isomorphous substance may be used as the inocu- 
lum. A crystal of i-asparagine when added to a solution of di-sodium 
ammonium tartrate causes pure sodium ammonium d-tartrate to crystal- 
lize out first. Some experiments have been reported in which the 
inoculating crystals need not be optically active or even possess an 
asymmetric atom. 

Quite recently Andenson and Hill ® have observed a spontaneous 
resolution of atropine sulfate (Fig. 26). R('peated cry.stallization of this 
di-salt from absolute alcohol yielded the d- and i-hyoscyamine sulfate 

CH.2 CH CII2 ClI^OH 

I I 1 

N— Oils CHOIT + C6H6— C— COall -> 

CH2 — CII Cl 12 

Tropino 

CTI2 CH— — CH2 

I I 

K— CTI3 CHO 
CH2 CH CH2 H 

Atropine 

Fig. 2() 

with [a]i) = ± 20°. The atropine sulfate Avas prepared by racemi- 
zation of i-hyoscyamiiK' and also by synthesis from synthetic tropic 
acid and tropine, but the spontanc'ous resolution occurred with both 
samples. Anderson and Hill attribute the spontaneous resolution to 
inoculation from the atmosph('re since the results obtained varied de- 
pending on wheth('r or not th(' crystallizations were carried out in labora- 
tories where i-hyoscyamine had been used in other experiments. 

The di-form of dilactyldiamide,"'* 

CHs— CH— CONH2 

1 

O 

CHs— CH— CONH2 

IS spontaneously resolved by crystallization from water provided the 
temperature is above 35°. di-Histidine monohydrochloride also has 
been resolved spontaneously 

” Anderson and Hill. J. Chcm. Sue., 993 (192S). 

Vi61cs. Compi. rend., 198 , 2102 (1934). 

Duschinsky, Chemistry & Industry, 10 (1934). 
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It can readily be seen that this method avoids some of the objections 
to the use of the first method. Moreover, a spontaneous crystallization 
of one form can occur even if the racemic modification is a compound 
provided this compound is more soluble than its component enantio- 
morphs. 

(c) Conversion to Diastereoisomers. This method was also orig- 
inated by Pasteur and elaborated by other investigators. It has already 
been pointed out that diastereoisomers have different physical proper- 
ties; hence, if a racemic modification is combined with some readily 
available optically active reagent, two diastereoisomeric forms result 
which may be separated by fractional crystallization.* After separation, 
the original active group is split off from each of the diastereoisomers 
separately and the d- and Z-forms of the original racemate are obtained.\ 
As an example, the separation of a racemic acid, represemted by dZA' 
may be considered. Combination with an active base (ZB) gives the 
two diastereoisomeric salts: 

dlk -f- 2ZB-^ (ZA-ZB + ZA ZB 

These salts are not enantiomorphic and hence possess different solu- 
bilities and may be separated by fractional crystallization from a suit- 
able solvent. After separation, the cZA • ZB is trc'ated with mineral acids 
or alkali(!S and the ZB split off leaving the dA form. In a similar way the 
ZA • ZB salt yields the ZA form. 

Racemic bases may be resolved by an optically active acid in an 
analogous manner. 

This general method for obtaining both forms possesses some diffi- 
culties in actual practice. Some of the causes of failure to obtain resolu- 
tion of a racemic modification are: 

(а) The salts dA-ZB and ZA-ZB may separate as oils which cannot 
be made to crystallize. The only resort then is to try other optically 
active bases until good crystalline salts are obtained. 

(б) The two components may form a “diastereo compound,”! 
dZA-ZB. If the transition temperature at which this compound is 
dissociated into the diastereo mixtiin;, dA-ZB + ZA-ZB, lies outside 
the temperature range at which crystallization can occur, and if it is 
less soluble than either of its component diastereoisomers, then no 
separation can be effected and the resolution fails. 

* It has recently been reported that diastereoisomers may be separated by fractional 
distillation through a very efficient packed column. See Bailey and Hass, J, Am. Chem. 
Soc., 63 , 1969 (1941). 

t Also known as “partially racemic compound.” The term “partially racemic” is 
self-contradictory. 
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(c) The two salts, if isomorphous, may form a continuous series of 
solid solutions, from which they cannot be separated. It sometimes 
happens that a portion of one salt separates first, after which the remain- 
ing material crystallizes as a solid solution of more or less constant 
composition.* 

(d) The two salts may possess such slight differences in solubility 
that the resolution becomes quite tedious. Under such circumstances a 
variation in procedure introduced by Pope and Peachey is frequently 
successful. It consists in neutralizing the inactive base dlB with an 
equimolecular mixture of an active acid, dA, and a mineral acid such as 
hydrochloric acid. Four salts are formed, dA-lB, dA-dB, ffi hydro- 
chloride, and dB hydrochloride. If the dA-ZB is the least soluble salt 
it crystallizes first. This disturbs the equilibrium among the salts 
remaining, so that more dA-ZB is formed from the dA-dB and ZB 
hydrochloride. This new dA-ZB then separates and the process con- 
tinues until most of the ZB has crystallized as dA - ZB, and the dB remains 
in solution as the hydrochloride. This modification fails, however, if 
the two diastereoisomers crystallize as compounds or solid solutions, 
rather than as mixtures. The hydrochloride of the base must, of course, 
be very soluble. 

(e) When the salt dA - ZB is considerably the less soluble, it is obtained 
pure after but few crystallizations, and the dA regenerated from it is 
optically pure. However, the more soluble ZA-ZB remaining in the 
mother liquor is contaminated with a small amomit of dA-ZB and is 
difficidt to obtain optically pure. In order to do so, it is sometimes 
pos.sible to find another solvent in which the ZA-ZB is the less soluble and 
then, by its use, the pure salt can be separated. Decomposition of 
this salt yields pure ZA. A second method for obtainmg pure ZA con- 
sists in decomposing the impure salt and combining the resulting impure 
ZA with other active bases until a pair of diastereoisomeric salts is ob- 
tained with the reverse solubility relationship: i.e., the ZA-ZB is less 
soluble than the dA-ZB. By crystallization the former then separates 
in the pure state and the ZA is obtained from it in the optically pure 
condition. 

A third method for obtaining the pure isomer from the more soluble 
salt has been developed by Marckwald;*^ it depends on the fact that 
the salts dA-ZB and ZA-dB, as well as ZA-ZB and dA-dB, are enantiomor- 
phic and possess the same solubility. Hence, if the partially resolved 
but impure ZA, obtained as described above, be recombined with the 

* This behavior is analogous to the formation of azeotropic mixtures of liquids. 

*» Pope and Peachey, J. Chem. Soc., 76, 1006 (1899). 

” Marckwald, Bcr., 29 . 43 (1896). 
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optical antipode of the original active base, the enantiomorphic salt, 
ZA-dB, is now less soluble than dA-dB and is the first to crystallize 
from the solution. In order to accomplish resolution by Marckwald’s 
method it is necessary to have supplies of both the d- and Z-forms of the 
resolving base in the optically piire state. Since relatively few such 
pairs arc readily available this method has been httle used. 

The solubility relationships among optically isomeric salts have been 
investigated by Ingersoll,'^® who has devised new methods for the com- 
plete resolution of racemic acids and bases. The first step in these 
procedures is similar to that already described. For example, a racemic 
base is treated with an active acid and the two salts obtained. 

I 

dZB + 2dA -^m dA + dB dA {{ 

When, for example, the salt ZB • dA is the loss soluble this salt is recrystaF 
lized until pure. Treatment with alkali liberates the pure Z-base. The 
mother liquors containing dB-dA and some ZB-dA are likewise treated 
with alkali and the partially resolved base (dB dZB) obtained. New 
procedures were developed to secure the pure d-basc from this mixture. 

When this mixture is treated with an equivalent amount of the 
racemic form of the acid originally used (or any other suitable dZ-acid) 
the ions in the solution may combine in one of two ways as shown by 
equations 2 and 8 : 

(dB + dZB) -f 2dZA dZB ■ dlA ■+• dB • dA + dB • lA (2) 

(dB + dZB) + 2dZA dZB-dZA + dB-dZA (3) 

In the instances represented by equation 2 the salt dB • ZA, which is 
enantiomorphic with the ZB-dA of equation 1, may sometimes be the 
least soluble, and, if so, it crystallizes out first. It is purified by recrys- 
tallization, and upon treatment with alkali gives the pure dB and also 
the alkali salt of pure ZA. Thus both active forms of the base and the 
acid are obtained. 

When equation 3 represents the mode of combination, a complete 
resolution of the base (but not of the acid) is possible whenever the 
diastereo compound dB -dZA is less soluble than the racemic salt dZB -dZA. 
Crystallization then yields the dB • dZA salt pure from which alkali liber- 
ates the pure dB and the alkali salt of the racemic acid. 

It is clear, however, that each of the.se methods depends for its suc- 
cess on a favorable order of the solubility of the isomeric salts involved. 
When, in equation 1, ZB-dA is less soluble than dB-dA, then in the 
salts shown by equation 2 the enantiomorphic salt dB-ZA (possessing 

** IngersoU and co-workers, J. Am. Chem. Soc., 47, 1168 (1925) ; 60 , 2264 (1928) ; 64 , 
274, 4712 (1932) -, 66, 411 (1933) ; 66, 2123 (1934). 
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the same solubility as IB-dA) is less soluble than dB-dA; but in addi- 
tion dB-lA must be less soluble than the racemic salt dlB’dlA. For 
separation under the conditions represented by equation 3 the diastereo 
compound dB-dlA must be less soluble than the racemic salt dlB-dlA. 
Many cases corresponding to these solubility relationships have been 
studied by Ingersoll and his students. 

It is evident that the resolution of racemic acids and bases described 
in the above paragraphs is merely one special example of diastereoisomcr 
formation. Racemic compounds which do not have functional groups 
capable of salt formation may be convertcid to diastereoisomeric deriva- 
tives by reaction with any suitable optically active reagent. Such a re- 
agent should have the following properties: 

1. It should be readily obtainable from easily available starting 
materials. 

2. It should react with the racemic modification in but one way. 
Thus a dibasic acid, which can fonn both normal and acid salts, is not so 
useful a resolving agent as a monobasic acid. 

3. It must form compounds with the rac(!mic modification stable 
enough to nisist dissociation or decomposition on recrystalUzation, yet 
easily split after separation, by methods not drastic enough to cause 
racemization. 

4. Its diastereoisomeric derivative must be cryslallizable and less 
soluble than any of its components. 

5. It should have a high rotatory power in order to enable the 
progress of a n^solution to be followcid by polarimetric methods. 

6. It should be readily recoverable for repeated use. 

The following summary lists the mon; important compounds which 
have been used for resolution of racemic modifications. 

1. For resolution of racemic acids the following bases have been used. 


Brucine 

Cinchonidiue 

Cinchonine 

Hydroxyhydrindamine 

Menthylaminc 

Morphine 


a-Phcnylethylamine 

Phenyl oxynaphtliyl methylamine 

Quinidinc 

(Quinine 

Strychnine 

^-Ephedrme 


The benzimidazole bases formed by the condensation of a lactone of 
a sugar acid with o-phenylenediamine have been found useful for resolv- 
ing certain dJ-acids. By use of the benzimidazole derived from D-gluco- 
D-guloheptolactone excellent yields of f-tartaric acid may be obtained 
from racemic acid.’® 


Haskins and Hudson, ibid., 61 , 1266 (1939). 
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2. The following compounds have been used for the resolution of 
racemic bases. 


a-Bromocamphor-TT-sulfonic acid 

Camphoric acid 

Camphor-lO-sulfonic acid 

Helicin 

Malic acid 

Mandelic acid 


Mcnthoxyacetic acid 
Oxymethylene camphor 
Quinic acid 
Tartaric acid 

2,2'-Dinitro-6,6'-diphenic acid 
Diacctyltartaric acid 


3. Racemic alcohols are usually first converted to hydrogen phthalate 
or hydrogen succinate esters by interaction with phthalic or succinic 
anhydrides. The acid esters are then resolv(;d in the usual way with an 
optically active base. From the resolved esters the active alcohols are 
obtained by saponification. Esters of tartranilic acid have also been used 
for resolving alcohols. 

Z-Menthyl isocyanate and Z-mcnthoxyacetyl chloride are also useful 
resolving agents for alcohols and phenols. 

4. Racemic aldehydes and ketones may be resolved by combination 
with Z-menthylhydrazine, d-isoamylhydraziiu^, Z-menthylsernicarbazide, 
or d-a-phenylethylsemicarbazide. 

In the case of sugars, d-amyl mercaptan has been employed. 

5. a-Amino acids are usually resolved through their acyl derivatives. 
Menthoxyacetyl chloride forms an acyl derivative which consists of a 
mixture of diastereoisomeric forms. 

6. Hydrocarbons may b() partially resolved by means of their addi- 
tion compounds with desoxycholic acid. 

(d) Kinetic Method of Resolution. IMarckwald and McKenzie®* 
have shown that Z-menthol reacts faster with d-mandelic acid than with 
Z-mandelic acid. Hence, if dZ-mandelic acid is esterified (equation 4) 
with a quantity of Z-menthol insufficient to react with all t he acid present 
the product consists to a large extent of Z-menthyl d-mandelate. If 
equivalent amounts are used the esterification must be interrupted 
before the process is complete. The two products of the esterification 
reaction are diastereoisomers and are produced in unequal amounts 
under the conditions used. One reason suggested for the inequality in 
amounts is the fact that esterification probably involves the formation 
of the intermediate addition compound shown in the brackets. The 
active Z-menthol adds to the carbonyl group of the d- and Z-mandelic 
acids at different rates because of the different steric influences of the 

Barrow and Atkinson, J. Chem, »Soc., 63S (19^59). 

Marckwald and McKenzie, Her., 32 , 2130 (1899) ; Marckwald and Paul, Btr,, 38 , 
810 (1905) ; 39 . 3654 (1906). 
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groups present. The sensitivity of addition reactions to steric effects 
of groups has been well established. 


OH 


oO 


i 

Cells— C-O-OH + 


H 

dl 


CH, 

^<OH 

CH(CH,)j 

I 


CH, 


C,H 


OH OH 

i— i— i— ' 


o- 


H OH CH(CH,)2 

dl (Large amount) 
ll (Small amount) 


HjO + CeHe- 


OH 


CH, 


H CH(CH,), (4) 

dl (Large amount) 


Two diastcreoisomeric esters composed, for example, of Z-acid-Z- 
alcohol and (Z-acid-Z-al(!ohol have also been found to undergo hydrolysis 
at different rates. Henc(' if the hydrolysis of a mixture of two such esters 
is interrupted biifore it is complete, a predominance of one isomer is 
found and thus constituUis a partial sei)aralion. 

Of theoretical interest in connection with heterogeneous catalysis is 
the observation of Schwab and Rudolph that in the catalytic dehydra- 
tion of (ZZ-2-butanol over active quartz the unchanged alcohol was found 
to be optically active. Apparently the active quartz exhibited a selec- 
tive adsorption for the d- or Z-forms of the 2-butanol. 

Powdered d- and Z-quartz have also been found to exert a selective 
adsorptive action on the cnantiomorphic forms of certain complex 
coljalt compounds.'”* The resolutions obtained were not complete 
but the mc^thod may serve as a means of determining the resolvability 
of compounds. Henderson and Rule ^ resolved <ZZ-p-phenylene-6Zs- 
iminocamphor by allowing a petroleum ether-benzene solution to flow 
down a Tswett column pac^ked with lac'tosc. Partial resolution occurred 
during each passage, and the process had to be repeated many times in 
order to efl'('ct resolution. 

(e) Equilibrium Method of Resolution. If the d- and Z-forms 
constituting a racemic form are readily interconvertible (i.e., racemize 
easily), then reaction of such a tZZ-form with an active compound may 
result in unequal amounts of the diastereoisomers even though the reac- 

Schwab and Rtidolph, Naiurwinscnschaften, 20 , 363 (1932). 

33T8Uchida, Kobayashi, and Nakamura, J. Chem, Soc, Japan, 56 , 1339 (1935); Bull 
Chevu Soc. Japan, 11 , 38 (193(3) ; Karagunis and Couiuoulos, Nature, 142 , 162 (1938). 

3^ Henderson and Rule, N^aturc, 141 , 917 (1938); J. Chem. Soc., 1568 (1939). 
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tion is allowed to run to completion. That is, the equiUbrium con- 
centrations of the diastercoisomers are different.*® For example, 
McKenzie *® prepared the Z-menthyl esters of d-, 1-, and dZ-a-chloro- 
phenylacetic acids. Treatment of each of these esters with a trace of 
alkah in absolute alcohol solution led to the production of the diastereo- 
isomeric esters in 57 per cent and 43 per cent yields respectively at 
equilibrium. The following diagram summarizes the changes involved. 

♦ Z I 

CelhCHClCOaCioHw 

I 

CelhCHClCOoCioHiB 

r *z I 

50% C6H5CHC1C02CioH,» 

50% CeHsCHClCOuCwTIis 

It is evident that some interconversion of the d- and Z-configurations 
about the asymmetric carbon atom marked with the asterisk must have 
taken place in order to account for the composition of the final equi- 
librium mixture. Ih'cent studies on such transformations have been 
made by Jamison and Turner.*’ 

The inequality in amounts of the two diastercoisomers may be so 
great that only one form can be isolated. Th(‘ relative' solubility of the 
diastercoisomers is a very important factor and assists in shifting the 
equilibrium. For example, Leuchs ** in resolving the two compounds 
(Fig. 27 and Fig. 28) by brucine and strychnine obtained only t he d-forms 


*Z I 

57% CeH^CIIClCOzCioHis 


43% CelltcnClCOoCioHifl 


IT 



0 

Fig. 27 Fm. 2S 


even though the solution of the salts was evaporated to dryness. Ashley 
and Shriner*® obtained only the cZ-form of the compound shown in Fig. 29. 

®®King, Ann. Repts. Chern. Soc. {London), 30, 261 (1933). 

^ McKenzie and Smith, Tier., 68, 899 (1925). 

3’ Jamison and Turner, J. Chem. Soc., 1954 (1937) ; 1046 (1938) ; 264 (1940). 

3® Leuchs, Ber., 54 , 830 (1921). 

3® Ashley and Shriner. J. Am. Chem. Soc., 54 , 4410 (1932). 
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The biphenyl (Fig. 30), of which merely the Worm was obtained, is one 
of several biphenyl derivatives isolated in only one form by Adams 
and his students. 

C^Hb 

CsHb— SO2— C— CO2H 

1 

H 

Fig. 29 

It is important to note the differences between the two methods of 
resolution just described. In the kinetic method it is necessary to limit 
the amount of the active compound used or to stop the reaction at a 
given time before the reactions are complete. No interconversion of the 
d- and Z-forms is necessarily involved. In the equilibrium method inter- 
conversion of d- and Z-forrns takes place, equivalent amounts of reactants 
may be used, and the reactions are allowed to proceed until equilibrium 
is established. 

(f) Biochemical Processes. It has been found that, if a dilute 
solution of a racemic compound is made to serve as a medium in which 
bacteria, yeasts, or molds are grown, certain microorganisms tend to 
destroy one isomer more rapidly than the other. By filtration of the 
solution through a Chambcrland filk'r and concentration, the unattacked 
isomer may lie obtained. This method was originated by Pasteur 
who found that the organism Penicillium glaucum destroyed d-am- 
monium tartrate' more rapidly than the Z-arnmonium tartrate in a dilute 
solution of f/Z-ammonium tartrate. 

It has been found that this same preferential attack upon one of the 
isomers in a race'inic modification occurs in higher organisms. Thus a 
salt of dZ-malic aciel inje'cteel subcutaneously in the rabbit gives rise to 
d-malate in the urine;"*- similarly, when sodium dZ-phenyl- 7 -oxybutyrate 
is given to a dog, the urine contains more of the Z- than of the d-isomer."*^ 

The living organism is not necessary to obtain this differential 
elest ruction of one feinn since enzymes will accomplish the same effect. 
For example, the enzyme emulsin acts on synthetic dZ-mandclonitrile to 
destroy the d-form more rapidly than the Z-form. Apparently, since 
the enzyme itself is optically active, the phenomenon is similar to that 
involved in method (c) and (d) or in both. 

Chicn and Adams, ibid., 66, 1787 (1934). 

« Pasteur, Compt. rend., 46 , 015 (1858) ; 61 , 298 (1860). 

“ Tomita, Biochem. Z., 123 , 231 (1921). 

Thierfeldcr and Sohempp, Arck. ges. Physiol., 167 , 280 (1917). 
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These biochemical methods, though of great physiological impor- 
tance, obviously possess certain limitations from the practical standpoint 
of obtaining both d- and Worms. Dilute solutions must be employed; 
hence the amounts which can be obtained are limited. It is necessary 
to find microorganisms or enzymes which destroy the d-form in one case 
and the Worm in another in order to secure both antipodes, and then at 
most only half the material is obtainable in an active state. Unlike 
method (c) and its variations, this method therefore finds little use. 


4. Interconversion of Enantiomorphs. The 
Walden Inversion 

The conversion of a dextro compound into its levo isomcride may ^ 
accomplished by means of a sequence of reactions which result in tbe 
exchange of two groups. An example of such an interconvc'rsion pf 
optical isomers is Fischer’s transformation ^ of the dextro form of the 
half amide of isopropylmalonic acid into its levo isome-r, which has 
already been discussed (p. 226). 

Another method of interconversion was discovered as the result of 
studies of the reactions of optically active compounds. The replacement 
of a group directly attached to an asymmetric carbon atom, such as a in 
Fig. 1, by a different group, x, may take place with no change in the 


h 



Fig. 1 


b 



d 

Fig. 2 



d 

Fig. 3 


configuration of the groups about the asymmetric carbon atom. This 
leads to the formation of a compound represented by Fig. 2. However, 
it is known that in many reactions a change in configuration occurs and 
the product is the enantiomorph. Fig. 3. This phenomenon is known as 
the Walden inversion, since it was discovered by Paul Walden*® in 1893. 

As one illustration of these inversions, the following cycle of reac- 
tions may be considered. 

** Fischer and Brauns, Bcr., 47, 3181 (1914). 

« Walden, Ber,, 26, 210 (1893) ; 29, 133 (1896). 

Walden, Ber.^ 32, 1855 (1899) ; “Salts, Acids, and Bases: Klectrolytes: Stereochem- 
istry,” McGraw-Hill Book Co., New York (1929). 
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CO2H 

i 

CHNII2 

I 

CH2CO2H 

Z-Aspartic acid 



CO2H 
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CHCl 
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CO2H 
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KOH CHOH 
>• I 


CH2CO2H PCl6 CH2CO2H 

Z-Chloro8uccinic acid d-Malic acid 


AgjO 


CO2H 

I 

CHOH 

I 

CH2CO2H 
Z-Malic acid 


Ag20 


PCls 


CO2H 

I 

CHCl 


KOH 


CH2CO2H 

d-Chlorosucciiiic acid 


Examination of the above cycle of transformations shows that 
i-aspartic acid produces Z-malic acid by the direct action of nitrous 
anhydride, but that successive action of nitrosyl chloride and potassium 
hydroxide results in cZ-malic acid. This cycle of reactions also enables 
Z-malic acid to be transformed into d-malic acid (and vice versa) by either 
of two routes. likewise, Z-chlorosuccinic acid and cZ-chlorosuccinic acid 
may be in tercon verted. Thus, by the choice of the proper sequence of 
reactions, using selected inorganic reagents, it is possible to convert a 
dextro compound into its levo isomer (and vice versa) without its passing 
through the racemic form. 

Since the actual observed rotation does not reveal whether the result- 
ing molecule has the same or a different configuration, it is impossible 
to state the exact steps in the cycle in which the inversion 
occurs. 

The contrast between the Walden inversion and racemization lies in 
the fact that in racemization only 50 per cent of the starting isomer is 
converted into its mirror image, and the product is racemic. Resolution 
is necessary in order to obtain the optical enantiomorph of the original. 
Since the Walden inversion produces the optically active enantiomorph, 
however, no resolution is necessary. In many cases, the conversion is 
nearly quantitative, and hence this method of interconverting optical 
isomers is sometimes useful for the preparation of certain optically active 
forms. The proc('ss, however, has its limitations in that it occurs only 
u'hen a group directly attached to an asymmetric carbon atom is replaced. 
Moreover, partial racemization during the reactions may cause difficulty 
in isolating the pure optical isomer. 

The investigations which have been conducted on the Walden inver- 
sion have shown that there are numerous factors which determine 
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whether or not an inversion will occur. Some of these factors are dis- 
cussed below. 

(a) Nature of the Reagent. The particular reagent chosen to effect 
a reaction exerts a predominating influence on the configuration of the 
product. This is illustrated in the reactions given above. It is evident 
that potassium hydroxide and silver oxide react in a different manner 
with the d- or 1-chlorosuccinic acid. 

(b) Nature of the Solvent. The action of ammonia on J-a-bromo- 
phenylacetic acid produces either the d- or Z-amino acid, according to 

NH2 

Br (d)CGH5CHC02lI ! 

C./2rl6Ull 

(Z)C6H6CHC02H + NHa — | NII 2 


liquid NH 3 


(/)C6H5C1IC02H 


whether the reaction is carried out in water, alcohol, acetonitrile, or 
liquid ammonia. 

(c) Nature of the Compound. Fischer^^ showed that the action of 
nitrosyl bromide on d-alaniiie produced i-a-bromopropionic acid, wherc^as 
the ethyl ester of d-alaniiie with the same reagent gave the ethyl d-a- 
bromopropionate. The latter hydrolyzed to d-a-bromoproiiionic acid. 
Thus, an inversion takes place in the case of the free acid, but does not 
when the estcu* is used. The cycle of changes which relate the isomeric 
forms of alanine, a-bi’omopropionic acid, and their esters is summarized 


in the following scheme. 

NH2 

NH2 

Br 

1 

c 

6 

1 

NOBr , 1 

(d)CIl 3 CHC 02 C 2 H 6 

iiUl 

(d)Cll 3 CHC 02 lI 

> (Z)Cll 3 ClIC 02 lI 

1 NOBr 

T NH, 

|nH 3 

Br 

Br 

NHa 


I KOH I NOBr I 

(d)CH 3 CHC 02 C 2 H 6 > (d)CHaCHC02H < (OCH3CHCO2H 


(d) Temperature. Holmberg^® determined the optical rotations of 
the xanthogensuccinic acid produced when the following reaction was 

S S 

BrCHCOaK || i| 

(Z) I + KS— C— OC2H6 CoIIgOC— SCHCO2K 

CH2CO2K I 

CH2CO2K 


« Scnter and others, J. Chcm. Soc., 107 , 638 (1915) ; 109 , 1091 (1910) ; 113 , 140, 151 
(1918) ; 126 , 3137 (1924) ; 127 , 1847 (1925). 

« Fischer, Ber., 40 , 489, 502, 1052 (1907) ; Fischer and Schoeller, Ann., 367 , 11 (1907) 
Holmbcrg, Ber., 47 , 107 (1914). 
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carried out at different temperatures. The rotations obtained were: 


Temperature 

12 

25 

40 


Specific Rotation 
+ 30 . 6 ° 

+ 8.3 
- 13.8 
- 40.1 


It is evident that, in this reaction, temperature is an important 
factor in determining whether or not a Walden inversion takes place. 

(e) Absolute Configuration. The prefixes d- and Z- in the prc^ceding 
and following discussion indicate the direction of rotation only and do 
not supply any information about the absolute configuration of the 
compounds. It should be clearly understood that a mere change in 
dirc^ction of rotation is not proof that an inversion has taken place. 
However, if an optically active compound is converted by means of 
selected reagents into the d- and Z-forms of a m^w compound, or if a 
complete cycle of changes of a pair of optical isonu'rs has been worked 
out, it is clear that an inversion must havt^ taken place during one of the 
reactions. 

In order to establish the exact step in which an inversion has occurred 
it is desirable to hav(' some absolute method of establishing th(' configura- 
tion of each molecule independent of the reaction or observed rotation. 
This problem has been attacked by Boys,^® who has developed an equa- 
tion for c.alculating the magnitude of rotation as well as its direction for a 
simple molecule containing one asymmetric carbon atom attached to 
four different simple groups. The equation is: 


fl6.62(n2 + 2 )(n 2 + b) RA'RB’nc RD'{l + F){a - h) 1 

.. 1 (a — c)(a — d){h — c){h — d)(c — d) 1 

'K--M-{a + b + c + dy* 

where n = refractive index of medium in which rotation is measured. 
Ra} Rb, Rc, and Rd = refractivities of the groups A, B, C, and D 

as determined from Kisenlohr’s tables. 
a, b,c,d = radii of the groups in Angstrom units. 

F = a function of a, b, c, and d. 

X = wavelength of light used. 

M = molecular weight. 


Thus, the specific rotation at a chosen wavelength is calculated from 
data on the radii of the four groups, molecular weight, and refractivities. 

*» Boys, Prpc. Roy. Soc. (London), [A] U4, 666. 675 (1934). 
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The values calculated for simple compounds are of the same order of 
magnitude as those observed. For example: 


CH 3 CHOHC 2 II 6 

ttD Calcd. 
9.3° 

ntjy Observed 
13.9 

CH 3 CHNH 2 C 2 H 5 

7.4 

7.4 

CH 3 CHC 2 H 5 

1 

4.0 

6.9 

1 

CH 20 H 



CH 3 CHC 2 H 6 

3.6 

6.8 

CH 2 NH 2 




The relative radii of the groups A, B,C, and D can be used with this' 
equation to establish a relationship between the direction of rotation and 
spatial distribution. The value of [a] will be positive when the differ- 
ence factors, i.e., (a — b), (a — c) • • • etc., in the above equation are posi- 
tive: this means that A > B > C > D. The rule stated by Boys is tha,t 
a dextro compound has a configuration such that, when the larg(»st group 
is nearest the observer, the other groups are arranged in ordc^r of dimin- 
ishing size in a clockwise direction. 

Thus, in a molecule Cabcd, if A is the largest group and B > C > D 
the dextro model would be that shown in Fig. 4, and th(5 leva model would 
be that shown in Fig. 5. 



dextro 
Fia 4 



This empirical calculation of Boys has certain limitations but does 
offer a start in establishing configurations by measurement of radii of 
groups and their refractivities. It has not been widely used, and further 
work is necessary to establish its validity. 

(f) Rotatory Dispersion. A second method for the correlation of 
structure and optical activity consists in studying the rotatory dispersion 
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of large numbers of closely related compounds. This has been done by 
Kuhn,®^ Pickard and Kenyon,®* and especially by Levene ®® and his co- 
workers. Data have been obtained on a large number of compounds 
with the general formula: 


(CH2);,CH3 



where x, y, and z = 0, 1, 2, 3, etc. 

R' — a functional group such as — OH, — X, — COOH. 
— NHa, — CN. 


R" = CHg, iso- C 3 H 7 , CeH.,, CeHu- 

All the compounds studied possess only one asymmetric carbon atom, 
and their rotatory dispersion curves have been measured over a range 
sufficiently large to permit an estimation of the partial rotations con- 
tributed by the grou[)s attached to the asymmidric carbon atom. 

Th(; optical rotation of the molecule as a whole is the algebraic sum 
of the partial rotations of each of the four substituents. Thus by 
synth('sizing a considerabk; number of the naniibers of each of the 
homologous seric's represent'd by the above general formula and analyz- 
ing th(' rotatory dis{X'rsion curves it has been possible to relate the con- 
figurations of these molecules with their direction of rotation. From the 
data on optical rotations of related compounds Marker ®^ has suggested 
an empirical method for predicting the configuration of optically active 
compounds. 

(g) Mechanism. A third method for relating configuration with 
direction of rotation consists in obtaining some precise information con- 
cerning the mechanisms of reactions, particularly substitution reactions. 
During the past five jvars a considerable amount of fairly reliable 
information on certain of these points has been established. 

®‘ Kuhn and Bein, /. physik. Chem., B22, 406 (1933) ; Kuhn, ibid., B31, 23 (1936) ; 
Kuhn and Biller, ibuL, B29, 1 (1935). 

*•2 Pickard and Kenyon. Chem. Soc., 99, 45 (1911); 106, 830 (1914); Kenyon and 
Barnes, ibid., 125, 1395 (1924). 

Levene and co-workons, J. BioL Chem. (1924-193G) ; Levene and liothen, J. Org, 
Chem., 1 , 7G (1937). 8ce Gilman, “Organic Chemistry,’' John AViloy and Sons, New York 
(1938), 1st Edition. Vol. II. p. 1803 ff. 

** Marker. J. Am. Oicm. Soc.. 68. 976 (1936). 
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Various mechanisms have been advanced to explain how an inver- 
sion of configuration can take place in some reactions but not in others. 

1. According to the earUer investigators®® complex addition com- 
pounds were produccid. The position taken by a substituting group 
depended on the direction of the residual valencies of the asymmetric 
carbon atom and the nature of the displaced group. 

2. Rordam ®® has assumed that, after one of the radicals has been 
removed from the asymmetric carbon atom, the; position taken by the 
entering group depends on the phase of oscillation of the three radicals 
remaining. The form which has the same configuration as the original 
is the one whose proportion increases as the concentration of the reagent 
increases. 

3. The possibility that the replacement of a group involves a pr^ 
liminary or incipient ionization proce.ss induced by the reagents o^ 
solvents has betm considered by a number of workers.®’ The phenom-, 
enon of th<! Walden invesrsion is very elos(dy (ionnected with the mech- 
anism of substitution reactions in g(>neral, and inf.{'nsive investigations 
are now being carried out in order to establish the unimolecailar, biniolec- 
ular, or polymok'cular characitcr of solvolytic reactions whicrh involve 
replacement.®® Excellent revienvs of this subjec^t have bi'en contributed 
by Watson ®® and by Hammett.®® 

4. An acceptable mechanism for the Walden inversion not only 
must show how the configuration of the asymmetric carbon atom is 
inverted but also must provide a reasonable ('xplanation as to whij 
racemization is not the exclusive process. One of the b(‘st solutions of this 
enigma is the suggestion of G. N. Lewis ®^ that a substitution reaction 
takes place by simultaneous addition of om; gi-oup and remo\’al of the 
other. This idea has bexm (-laborated by Olson,®- who has made the 
suggestion, supported by experimental evidence,®® that a one-step sub- 

Fischor, Ann,, 381 , 123 (1911) ; Werner, Bcr,, 44 , 873 (1911) ; Pfeiffer, Ann., 383 , 123 
(1911); Fraiikland, J, Chrrn, Boc., 103 , 713 (1913); Meisenhoimer, Anji., 456 , 120 (1927). 

Rordam, J. Chem. Soc., 2447 (1928) ; 1282 (1929) ; 2017 (1930) ; I^evcne and Walti, 
J, Biol. Chem., 73 , 263 (1927) ; Levene and Rothen, ibid., 81 , 359 (1929). 

Lowry, Deuxieme Oonseil de Chimie Solvay, 1925, p. 174; Kenyon and Phillips, 
Trans. Faraday Soc., 26 , 451 (1930) ; Ingold et al., J. Chem. Soc., 230 (1935) ; ibid., 1196, 
1201, 1208, 1252 (1937). 

Stieginan and Hammett, J. Am. Chem. Soc., 59 , 2536 (1937) ; Farinaeci and Hammett, 
ibid., 69 , 2542 (1937); Olson and Halford, ibid., 69 , 2644 (1937); Taylor, J. Chem. Soc., 
1853 (1937) ; Bartlett, J. Am. Chem. Soc., 61 , 1630 (1939) ; Winstein, ibid., 61 , 1(>35 (1939). 

Watson, Alin, liepts. Chem. Soc. (Londor), 36 , 208 (1938). 

Hammett, “Physical Organic Chemistry," McGraw-Hill Book Co., New York (1940). 

Lewis, “Valence and the Structure of Atoms and Molecules," Chemical Catalog Cb., 
New York (1923), p. 113. 

Olson, J. Chem. Phys., 1 , 418 (1933). 

Olson and Long, J. Am, Chem, Soc., 66 , 1294 (1934) ; Olson and Voge, ibid., 66 , 1690 
(1934). 
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stitution reaction leads to inversion of configuration. As an example to 
illustrate this simultaneous or synchronous mechanism of substitution, 
one of the possible modes* of the action of hydrobromic acid on dr 
octanol-2 may be considered. 

The alcohol is shown in Fig. 6, in which the asymmetric carbon atom 
is represented by the tetrahedron. The alcohol probably forms the 
oxonium salt with the proton, and the bromide ion then approaches 
the face of the tetrahedron opposite to the apex at which the hydroxyl 
was attached, Fig. 7. This particular mode of approach is determined 



H 

ITO: + 


Cellis 
Fig. 8 



by the character of the hydroxyl group, and calculations ®-’ “ have shown 
that such orientation of the reactants constitutes a unique path for the 
entering group because this requires less energy than would be necessary 
for approach in any other direction. At the instant the bromide ion 
occupies the proper position for the formation of a new tetrahedron, the 
molecule of water is expelled and the kernel of the asymmetric carbon 
atom shifts its po.sition, establishing the new tetrahedron as shown in 
Fig. 8. The moleciule is turned inside out like an umbrella in a strong 
wind. A comparison of the model of Fig. 8 with that of Fig. 6 shows that 

* There are also other mechanisms for the reaction between alcohols and halogen acids 
see Hammett, Ref. GO. 

Pauling, ibid,, 63 . 1367 (1931) ; Slater. Phys. Rev,, Zl, 481 (1931). 
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the bromine does not occupy the same position as the hydroxyl group 
and that an inversion in configuration has occurred. 

It is not necessary that the reagent be ionic. For example, the same 
mechanism applies to the conversion of d-a-phenylethyl chloride (Fig. 9) 
by ammonia in a non-polar solvent via the oriented approach shown in 
Fig. 10, into the hydrochloride of H-a-phenylethylamine (Fig. 11). An 
inversion in configuration has thus taken place. 



If an optically acitive iodide such as ^-2-iodooc1ane is treated with 
sodium iodide in acetone solution it is found that racemization takes 


CHa 



CeHis 

I 


CII3 



CeHis 


d 


+ I"* 


place. The iodide ion has reacted by approaching the face opposite the 
iodo group to produce d-2-iodo6ctanc, and at equilibrium the racemic 
modification results. By using sodium iodide containing the radioactive 
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isotope of iodine the rate of exchange of halogen may be determined for 
the reaction. 



Measurements of the intensities of radioactivity of the alkyl halide or 
sodium iodide are made at definite time intervals. At the same time the 
velocity of racemization is followed polarimetrically, and it was found 
that the rates of exchange and of racemization were equivalent wi thin 
experimental error. Similar experiments on a-phenylethyl bromide 
and a-bromopropionic acid gave analogous results and established the 
fact that inversion occurs when a halide ion displaces another group 
which forms an anion. Meer and Polanyi have also contributed evi- 
dence on these anionic replacement reactions; they further point out that 
attack of a molecule by a cation would probably not lead to inversion 
although such reactions have not been thoroiighly characterized as yet. 
Further proof of this rearward attack by anionic reagents has been 
obtained by a study of the compounds shown in Figs. 12, 13, 14, and 15. 


CHj CHj 

CH, 


H— C- 


in, 


HONG 

-C -Nllo > H- C- 


CH2 CH2 

CH3 

1 




CPI 2 CII2 

Fig. 12 


I 

CHa 

CPI2 CPI2 

Fig. 13 




I 


CH2 CH2 Clio CH2 



Fig. 14 Fig. 15 


Huffhos, Juliusburger, Masterman, Toplcy, and Weiss, J . Chem. Soc,, 1525 (1935), 
®® Hughes, Juliusburger, Scott, Topley, and Weiss, 1173 (1936). 

®^ Cowdrey, Plughes, Novell, and Wilson, ibid., 209 (1938). 

®® Moer and Polanyi, Z, physik. Chem., B19, 164 (1932) ; Polanyi, “Atomic Heactions,” 
Williams & Norgate, Ltd., London (1932), p. 63, 
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The starred carbon atom in these molecules has the tetrahedral face 
opposite the functional group inside a cage of carbon atoms and hence is 
inaccessible to the approach of any reagent. Therefore, anionic replace- 
ment by the mechanism described above is impossible. It was actually 
found by Bartlett and Knox ** that the tertiary alcohol apocamphanol-1 
(Fig. 13) was not oxidized by dichromate, not dehydrated or rearranged 
by concentrated sulfuric acid, and could not be converted to the chloride 
(Fig. 14) by the action of phosphorus pentachloride or thionyl chloride. 
The chlorine in 1-chloroapocamphanc (Fig. 14), prepared by the action 
of nitrosyl chloride on the amine (Fig. 12), could not be removed by 
boiling alcoholic sodium ethoxide or silver nitrate. The p-toluenesulfo- 
nate (Fig. 15) was unaffechid by boiling with an accitone solution of 
lithium iodide. Thus, all attempts to replace the hydroxyl or chloro 
group by anionic reagents failed. It is inferred that the replacement 
reactions of the amino group by hydroxyl with nitrous acid, and by 
chlorine with nitro.syl chloride, must occur by mechani.sms not involving 
the rearward anionic mechanism. Bartlett and Cohen have also 
demonstrated that the bromine in the molecule represented by Fig. 16 
is quite inert whereas that in 9-bromo-9-mcthylfluorenc (Fig. 17) is quite 
reactive. 




Fia. 16 


Fig. 17 


The optically active esters of the sulfonic acids constitute a class of 
compounds especially suited for determining the effect of anion exchange 
on optical activity. Philhps, Kenyon,’* and their co-workers, by treat- 
ment of an optically active ester of a sulfonic acid with ionic reagents 
such as potassium acetate, demonstrated that the .sulfonate radical may 
be replaced by another anion. Ammonia and primary and secondary 

R R 

RS020:C:R'-h [CIl3COO;]-K+ CHsCOOiCrR' -H [RS020:]-K+ 

• • • • 

H H 

^ Bartlett and Knox, J, Am. Chem. Soc., 61, 3184 (1939) 

Bartlett and Cohen, ibid., 62, 1183 (1940). 

PhiUips, J. Chem. Soc., 123, 44 (1923) ; Kenyon, Phillips, and Turley, ibid., 127, 399 
(1925) ; Phillips, ibid., 127, 2552 (1925) ; Kenyon and Phillips, ibid., 1676 (1930) ; Trans. 
Faraday Soc., 26, 451 (1930) ; Kenyon, Phillips, and Pittman, J, Chem. Soc., 1072 (1935): 
Kenyon, Phillips, and Shutt, ibid., 1663 (1935). 
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amines were also found to react with such esters to produce optically 
active amines. Tertiary amines react with optically active alkyl sul- 
fonates to produce optically active quaternary ammonium salts. Two 
examples are the following: 



From the above, it will be noted that the dextro ester produces a 
dextro quaternary salt with trimethylamine, but a levo pyridinium salt. 
Also, the levo ester yields Zej;o-trimethyl-2-octylammonium-p-bromoben- 
zenesulfonate, but a dextro pyridinium salt. A Walden inversion prob- 
ably occurs during at least omi of these reactions. The tertiary amine 
approaches the esb'r in an oriented position, such that the unshared 
pair of electrons at one apex is opposite that face of the asymmetric 
carbon atom which, in turn, is opposite the sulfonate group (Fig. 18). 



The kernel of the carbon atom shifts its position and a new tetrahe- 
dron is formed attached to the tetrahedron of the nitrogen atom, thus 
constituting the quaternary ammonium ion and simultaneously the 
sulfonate anion (Fig. 19). If the amine approaches the face indicated, 
then an inversion in configuration takes place. If, however, the amine 

T»Cary. Vitcha, and Shriner, J. Org. Chem., 1, 280 (1936). 
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approaches any of the other three faces, the sulfonate ion could be dis- 
placed without inversion. Since there is no independent means of 
establishing the configuration of these quaternary salts it is not possible 
to say whether a Walden inversion occurs in both cases. 

By using anionic exchange reactions which lead to inversion, in con- 
junction with reactions which do not cause inversion since the reagents 
do not react with a group directly attached to the asymmetric carbon 
atom, Kenyon and Phillips have been able to establish configurational 
relationships of derivatives of octanol-2, a-bcnzylethyl alcohol,’* 
a-phenylethyl alcohol,’® ethyl lactate,’® and ethyl |8-hydroxy-|8-phenyl- 
propionate.” The following scheme summarizes one of the general pro- 
cedures used in this work. 


R 

R'— C— OH 


H 

d 


CISOjCtH, 


R 

I 

> R'— C— 0— SO 2 C 7 H 7 


Li+Cl- 


II 

d 


AojO 


CHjCOj 


R 




R 


R 

1 

-> R'— C— II 

I 

Cl 

I 


R'— C— 0— COCH 3 R'— C— H 


H 

d 


CH3CO2' K + 


R 

R'-C-H 


O— SO 2 C 7 H 7 

I 


OCOCH 3 

I 

I AejO 

R 

I 

R'— C— H 

I 

OH 

I 


Studies on the mechanism of formation of esters from alcohols ’* have 
established beyond doubt that these reactions do not involve the carbon- 
oxygen link in the alcohol and hence such reactions cannot cause inver- 

Phillips, J. Chem. Soc., 128 , 44 (1923) ; Houssa, Kenyon, and Phillips, ibid., 1700 
(1929). 

PhiUips, ibid., 123 , 44 (1923). 

Kenyon, Phillips, and Taylor, ilrid., 173 (1933). 

Kenyon, Phillips, and Ttirley, ibid., 127, 399 (1925). 

Kenyon, Phillips, and Shutt, ibid., 1663 (1936). 

Waters, “Physical Aspects of Organic Chemistry,” D. Van Nostrand Co., New York 
(1937). 
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sion. Hence the d!-acetate and the d-p-toluenesulfonate have the same 
configuration as the (i-alcohol from which they are derived. Likewise 
the i-alcohol, Z-aeetate, and i!-p-toluenesulfonate are configurationally 
related. The action of potassium acetate on the p-toluenesulfonates, 
however, involves an anionic exchange and therefore leads to inversion. 
Thus the acetate obtained by this method has the opposite con- 
figuration and opposite rotation from that obtained by direct esterifi- 
cation. 

If the chloride and acetate ions react with the ester in a similar 
fashion then an inversion also takes place when the d-p-toluenesulfonate 
reacts with lithium chloride and therefore the Z-chloride has a configura- 
tion opposite to that of the d-alcohol but the same as that of the i-alcohol. 
Similar conclusions were drawn from observations on the replacement of 
the sulfinate group. 


R 

1 

R'— C— OH 
H 


o 
T 

CI-S-C7H7 


R 


0 

T 


» R'— C— O— S— C7H7 


H 


d 



R 

R'— C— H + C7II7SO2CI 

I 

OH 

I 


R 

1 

R'— C— II + C7H7SO2CI 

Cl 

I 


The sulfinic ester has the same configuration as the alcohol from 
which it is derived (at least as far as the asymmetric carbon atom is 
concerned; no information concerning the asymmetric sulfur atom is 
available). The negative hydroxyl ion produces the Z-alcohol, and chlo- 
rine the Z-chloride, and both of these are anionic replacements and hence 
involve inversion. 

These investigations of Kenyon and Phillips, therefore, not only 
serve to establish relative configurations but also furnish further evidence 
for inversion in reactions involving anionic exchange. 

Once a scries of relative configurations has been established, it is 
possible to use such compounds to establish the behavior of other re- 
agents. For example, phosphorus pentachloride or trichloride converts 
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*he d-alcohol into the Z-chloride. Since the above transformations 
indicate that the i-chloride has the opposite configuration to the 
d-alcohol, it follows that these reagents cause inversion. 

A list of relative configurations was drawn up by Frankland in 1913 
on the basis of a purely statistical survey of the reactions recorded in the 
hterature on the behavior of various reagents. Recent work has con- 
firmed and added to the list. 

Cowdrey, Hughes, Ingold, Masterman, and Scott ** have summarized 
the configurational relationships between certain groups of compounds. 
These relationships were established by studying the optical effect of 
substitution on an asymmetric carbon atom and paralleling these obser- 
vations by kinetic studies and correlating the results with the d^ta 
obtained on the mechanism of substitution reactions in general. \A 
summary of the configurationally related compounds follows: ’ 

2-Ociyl Derivatives: fi-chloride, d-bromicle, d-alcohol, rf-ethyl ether, rZ-acetate. 

a-Phenyleihyl Derivatives: J-chloride, d-bromide, d-alcohcl, r/-niet by 1 ether, d-amine, 

a-Suhstitvied Propionic Acids: d-cbloro, d-bromo, d-iodo, d-mothoxy, /-hydroxy 
(Z-lactic acid). 

a-Suhstiiuted P-Phenylpropionic Acids: d-chloro, d-bromo, d-hydroxy. 

a-Substiluted Phenylacetic Adds: d-chloro, d-bromo, d-methoxy, d-hydroxy 
(d-mandelic acid). 

a-Substiiuted a-Phenylpropionic Acids: d-chloro, d-hydroxy. 

^•Substituted n-Butyric Acids: d-cliloro, d-hydroxy. 

^•Substituted P-Phenylpropionic Adds: d-chloro, d-bromo, d-hydroxy. 

Substituted Succinic Adds: d-chloro, d-bromo, d-iodo, d-inalic, d-malolac tonic. 

2-Butyl Derivatives: d-hydroxy, d-chloride, d-bromide, d-iodide. 

2-Pentyl Derivatives: d-hydroxy, d-iodide, d-chloride. 

a-Phenyl-n-Propyl Derivatives: d-hydroxy, d-chloride, d-bromide. 

ajo! -Disubstituted Succinic Esters: d-methyl tartrate, d-ethyl tartrate, d-methyl 
and d-ethyl chloromalate, d-cthyl bromomalate. 

2- Hexyl Derivatives: d-hydroxy, d-chloride. 

3- Nonyl Derivatives: d-hydroxy, d-chloride, d-bromide, d-iodide. 

The reagents may also be classified along with the reactants into 
groups according to whether or not inversion is produced (.see p. 279). 

In addition to the results involving anionic attack discussed in the 
foregoing pages, a second type obtaining its driving force from an attack 
by a cation may also lead to an inversion in configuration. This may 
be illustrated by the alkylation of benzene with d-butanol-2 in the 
presence of boron fluoride, “ which yielded about 0.5 per cent 1-2-phenyl- 
butane and 99.5 i)er cent of the dl-modification. 

Frankland, J. Chem. Soc., 108 . 713 (1913). 

Cowdrey, Hughes, Ingold, Masterman, and Scott, i6id., 1252 (1937). 

Price and Lund, Am, Chem, Soc,^ 62 , 3106 (1940); Burwell and Archer, J, Am, 
Chem, Soc„ 64 , 1032 (1942). 
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I. Inversion of Configuration Occurs: 


Reagent 


Reactant 


PCI 3 

PCI 3 + CbHbN 

POCI 3 

POCI 3 

PCI 5 or PBrs 


PCI 5 + CbHbN 
SOCI 2 

SOCI 2 + CbHbN 
ilCl 


HBr 


III 


Octanol-2, a-phenylethyl alcohol, ethyl jS-hydroxy-jS-phenyl- 
propionate 

a-Phenylethyl alcohol, ethyl j3-hydroxy-/3-phenylpropionate 
Octanol-2, a-phenylethyl alcohol 
a-Phenylethyl alcohol, methyl manclelate 

Octanol-2, «-phenylethyl alcohol, lactic acid, ethyl lactate, 
malic acid, methyl malat-e, mandelic acid, methyl mandelate 
0(*.tanol-2, «-phenylethyl alcohol, ethyl lactate 
Octanol-2, lacitic acid, ethyl lactate, malic acid, ethyl malate 
Octaiiol-2, a-phonylethyl alcohol, ethyl lactate, ethyl mandelate 
Pentanol-2, octanol-2, a-phenylethyl alcohol, a-phenyl-n-propy) 
alc.ohol 

Buta,nol-2, octanol-2, a-phenylethyl alcohol, a-phenyl-n-propyl 
alcohol 
Octanol-2 


II. Si:HSTITT TION WITH UeTENTION OF CONFIGI ItATION*. 
Reagent lU‘acta,nt 


SOCL a-Phenylethyl alcohol, mandelic acid, methyl mandelate 


It has also })oen shown that an inversion of configuration takes place 
in c(!rtain complex compounds of cobalt (p. 437) which have an octa- 
hedral configuration. Thus, treatment of an aqueous solution of the 
d-cia complex ion of Fig. 20 with a solution of potassium carbonate 
produces the d-carbonato compound of Fig. 21. However, if the d- 
dichloro complex is ground with an excess of solid silver carbonate and a 
small amount of w'atcr is added, the Z-i.somcr, I'lg. 22, is produced. This 
is convert('d to the Z-dichloro complex. Fig. 23, by alcoholic hydrochloric 
acid. 

The configurations of the comph'x ions were assigned as the result 
of rotatory dispersion studies,®’ and hence the inversion is represented as 
taking place in the conversi{)n of the d-dichloro complex (Hg. 20) to the 

Bailar and Auten, ihid., 66, 774 (1934) ; Bailar, Joiielis, and HufTinan, ih\d,^ 68, 2224 
(193G) ; Bailar, Haslarn, and Jones, ibid., 58 , 222G (193G) ; Werner and McCutcheon, Ber., 
45 , 3284 (1912). 

Mathicii, Bull. soc. chim., [5] 3 , 47G (193G) ; ibid.^ [5] 4 , 687 (1937). 



280 


ORGANIC CHEMISTRY 


i-carbonato complex (Fig. 22). It is not yet certain whether the mecha- 
nism suggested for inversions of the tetrahedral carbon atom may be 
applied to the octahedral elemente. Careful consideration of the models 
of these complex cobalt compounds shows that the d-isomer may be 





Fig. 21<i-cis Fig. 22 1-cis 


transformed to the Z-i.somer merely by exchanging tin' point of attacih- 
ment of two groups — a structural change paralleling the d- and Worms 
of the asymmetric carbon atom. Hence, it is possible that the configura- 
tions of these optically active cobalt complexes may be inverUid by the 
proper oriented approach of the anion followed by establishment of a 
new optical configuration. Examination of the models of these com- 
pounds shows that this inversion docs not necessitate the formation of a 
new octahedron. 
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In concluding this summary of investigations on the Walden inversion 
it must be emphasized that experimental conditions play a very impor- 
tant and determining role. Future investigations will serve to clarify 
many unsettled points on the mechanism of substitution reactions. 
Kinetic studies on the mechanism of substitution reactions are being 
made in an effort to provide a means of establishing the absolute con- 
figurations of optically active molecules. The results of these studies, 
together with the chemical information already at hand, will not only 
provide mechanisms for the Walden inversion with ionic and non-ionic 
reagents but will also markedly advance our knowledge of reaction 
mechanisms in general. 


PART V. POLARIMETRY 

Light. Until about 1900 the electromagnetic wave theory of light 
extensively developed by Maxwell was competent to give a satisfactory 
picture of the behavior of light and radiation phenomena in general. 
This theory was extremely useful in correlating and predicting exactly 
almost all the known facts concerning the interference, polarization, 
refraction, and reflection phenomena exhibited by light. However, 
starting about 1900, and extending up to the present time, a number of 
experimental observations on radiant energy have made it apparent that 
the classical wave theory would have to be modified. 

For example, Planck and Einstein have shown that when light reacts 
with matter it does so as if it were composed of discrete particles known 
as corpuscles or photons. These photons possess an amount of energy 
equal to hv (A = a universal constant = 6.55 X 10 erg sec. and v — 
frequency), travel with the s])ced of light (c = 3 X 10^“ cm. per sec.), 
and posse.ss a moincmtum equal to hv/c g.cm. per sec. This concept of 
the nature of light is neces.sary to explain photoeffects, black-body radi- 
ation, emission of line spectra, the Compton effect of x-rays, and the 
Raman effect. 

It is of interest to point out that experiments have been performed in 
recent years w'hich show that material particles behave, under certain 
conditions, as though they were a wave train. Davisson and Germer, and 
G. P. Thomson, have shown that a stream of electrons exhibits the 
phenomena of interference, diffraction, and refraction just as do ordinary 
light waves. By a study of diffraction patterns the “wavelength” of 
the electrons has been found to be X = A/p (A = Planck’s constant and p 
is the momentum). This equation had been deduced previously by 
de Broglie, and a number of experiments have now shown that atoms as 
well as electrons apparently possess the properties associated with waves. 
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This interesting duality between waves and corpuscles has caused a 
rtivision of the classical mechanics and l(^d to the development of the 
new wave mechanics — or quantum mechanics. 

Thus, both light and material particles seem to possess a dual nature. 
As far as light is concerned, although it may be composed of discrete 
units of energy and although the exact path of any one of these photons 
cannot be predicted with certainty, neverthtdess the paths followed on 
the average by a large number of them, as in a beam of light, may be 
predicted by the laws governing waves. It is, th('refore, still a wave 
theory which predicts and describtss exactly the refraction and polariza- 
tion effects exhibit(;d by light rays, and this viewpoint will be us(‘d in tl^ 
following discussion. \ 

Ordinary white light may be regarded as a mixture of waves of diff('r\ 
ent lengths, th(^ resultant vibrations bt'ing at right angles to tlu' direction^ 
of propagation and tlui trains of waves making up a b(^am of light having', 
different plaiw's of vibration. By proper choice of th(5 light source or the 
use of suitable filters, light waves of a singk; wavedength may be ob- 
tained. Such light is called -monochromatic. 

Plane-Polarized Light. Th(> waves in a l)eam of monochromatic 
light vibrate at random. A cross section of such a beam trav(ding 
pt'rpendicular to the jjaper is shown in Fig. 1, which indicates that many 



planes of vibration are present. For example, AOE, EOF, COG, DOII 
represent projections of various waves on the paper. By reflection 
or refraction it is possible to sift out the component vibrating in a 
single plane. Thus, if the above beam of light is passed through a 
polarizer which transmits vibrations only along the X'OX-axis, the 
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entire wave represented by AOE cannot pass through, but only the hori- 
zontal component represented by OK and OK' wall emerge. Similarly, 
for the wave BOF, the horizontal component OL and OL' will pass 
through the polarizer. The light emerging from such a polarizer will, 
therefore, vibrate along X'OX and is said to be plane polarized. 

The common method for obtaining plane-polarized light consists in 
passing the beam of light through a polarizer called a Nicol prism. This 
prism is made of calcite, a crystalline form of calcium carbonate, which 
possesses the pow('r of causing double refraction. That is, an ordinary 
ray of hght entering this calcite crystal is broken into two rays, one of 
which obeys the usual laws of refraction and is called the ordinary ray. 
The other ray, which is not refracted normally, is called the extraor- 
dinary ray. The light in each of these rays is found to be plane polar- 
ized, and the planes of polarization of the two rays are perpendicular to 
each other. 

The Nicol prism is a device for rejecting one of these rays and trans- 
mitting the other. It is constructed by cutting a crystal of calcite 
diagonally and symmetrically through its obtuse corners, polishing the 
cut faces, and c('m('nting them together again with a film of Canada 
balsam or linseed oil. The fac(‘s of the rhombohedron are polished so that 
the acut,e angle is 08°. A cross s(!ction through such a prism is shown in 
Fig. 2. The ray of light entering the prism at (A) is broken up into the 


c 

/ 



ordinary ray {AB) and the extraordinary ray {AD). The cement be- 
tween the two halves has a refractive index slightly kiss than that of 
calcite for the ordinary ray. The angles at which the prism is cut are 
adjusted so that the ordinary ray is completely reflected at the junction 
of the two halves of the Nicol prism while the extraordinary ray passes 
on through and is plane-polarized light. 

Another device for polarizing light consists of a sheet of transparent 
material such as c(illulose acetate in which are embedded large numbers 
of very small bircifringent crystals. These crystals must be uniformly 
oriented optically so that the film behaves like a very thin single bire- 
fringent crystal.^ The compounds used are: double salts of the alkaloids 

^ See Freundlich, Chemistry & Industry, 098 (1937), for a review of this subject. 
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such as quinine or cinchonine with sulfuric acid, hydriodic acid, and 
iodine; potassium nitrate; potassium dichromate; urea; or complex 
cobalt salts.^ The practical development of these films was made by 
E. H. Land,2 and the films are known as “Polaroid films.” The films 
may be protected by lamination between two thin sheets of glass. The 
films absorb a considerable percentage (30 to 50 per cent) of light, but 
the transmitted light is said to be 98-99 per cent plane polarized in the 
range 5000 to 7000 A. The Polaroid films have the advantage of furnish- 
ing much larger apertures than Nicol prisms. Polarimcters have recently 
been made using these Polaroid films. 

The Polarimeter. The rotatory power which compounds exert On 
plane-polarized light is determined by means of an instrument called the 
polarimeter. A diagrammatic sketch of the essential working parts of 
the Lippich half-shadow polarimeter is shown in Fig. 3. ; 



Fia. 3 

Since the rotatory power exerted by a substance varies with the 
wavelength, a monochromatic source of light {S) is essential. The most 
satisfactory sources are : 

1. The yellow sodium light produced by heating sodium salts to a 
high temperature or an electrically operated sodium-vapor lamp. These 
sources are often used alone, but a light filter (F) is necessary to get 
monochromatic light corresponding to the sodium D lino (X = 5893 A). 

2. The green mercury light produced by a mercury arc with suitable 
filters at F (X = 5461 A). 

3. Light of other wavelengths may also be obtained from suitable 
helium, lithium, or cadmium lamps. 

The monochromatic light is converted into a parallel beam by the 
lens (L) and enters the polarizing Nicol pri.sm (Pi). The emergent 
plane-polarized light next meets a small Nicol prism (//) which covers 
half the field and is placed at a slight angle (1 to 4°) to the first Nicol 

* E. H. Land, Brit, pats., 412,179 (1934) ; 423,874 (19,35) ; 433,455 (1935); U. S. pats., 
1,951,604 (19.34)1,955,923 (19.34); 1,989,371 (1935); 2,041,138 (1935) ; 2,123,901 (1938) 
2,123,902 (1938) ; 2,105,973 (1939) ; 2,165,974 (1939). 
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(Pi). This small Nicol prism creates a difference in intensity of light in 
the two halves of the beam and is often called the half-shadow Nicol 
prism. The difference in intensity is due to the fact that the light which 
emerges from this prism represents only that component of the original 
ray vibrating in the direction of transmission of the half-shadow Nicol. 
The beam next passes through the substance, whose optical properties 
are being studied, placed in the tube TT. The extent of rotation of the 
plane of the polarized light by the compound is determined by the 
analyzing Nicol prism P 2 which is mounted in a framework with scale 
B,B graduated in degrees and which may be rotated about the axis until 
the two halves of the field are of equal intensity. The lenses in the eye- 
piece, E, are used to secure a sharp focus on the line dividing the two 
fields. Verniers on the scales are used to obtain accurate readings. 
Rotations are determined by noting the difference in the readings 
obtained when the tube TP is empty and when filled with the compound. 

The results are express(!d as follows; 

For 'pure compounds, 

where [a]f is the specific rotation at the temperature T, for light with 
the wavelength X. The value a is the degrees of rotation observed in 
a tube I dc'cimeters in length for a pure compound whose density is d. 


For compounds in solutioii, 

W' - Tfd 


or 


MI 


lOOa 

Ic 


where g is the grams of solute per 100 g. solution of density d, and c is 
the grains of solute per 100 cc. of solution. 

Molecular rotations are calculated by multiplying the specific rotation 
bv the molecular weight. 

[M]l = MI-M 

Since these molecular rotations are likely to be large numbers, one 
one-hundredth of this value is sometimes given. The specific rotation is 
deptmdent upon and varies with (1) the nature of the compound, (2) the 
nature of the solvent, (3) the wavelength of light, and (4) the tempera- 
ture. 

Circularly Polarized Light. Plane-polarized light is the type of 
polarized light which has been most widely used in the study of optical 
isomerism. However, some interesting and fundamental data have 
been secured by means of circularly polarized light. 

The nature of circularly polarized light may be understood best by 
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resolving it into its components. Figure 4 shows two waves of plane- 
polarized light traveling in the same direction whose planes of vibration 


X 



Fig. 4 


are at right angles to each other. The waves also have a one-quart^r- 
wavelength (90°) phase difference and equal amphtudcs. 

The resultant of these waves, obtained by adding vectorially thp 
displacements at all points along OY, is circularly polarized light repre- 
sented by the spiral in the photograph, Fig. 5. In the illustration the 
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circularly polarized light is levo since, to an observer stationed at Y with 
the light coming to his eye, the spiral proceeds in a counterclockwise 
direction. By making the phase difference 90° in the opposite direction 
dextro circularly polarized light is produced. If the phase difference is 
not 90° or if the amplitudes are unequal elliptically polarized light results. 

Circularly polarized light is produced by passing plane-polarized 
light through a glass prism known as Fresnel’s rhomb. This glass prism 
(riD = 1.504) has its faces cut and polished so that the acute angle (.4.) 
is 54°. 

A cross section of such a prism is shown in Fig. 6. 



Fig. 0 


A beam of light normal to the face will be totally reflected at B and 
again at C. At each reflection vith the angle of incidence equal to 54° 
and an index of refraction of 1.504, a phase difference of one-eighth of a 
period is introduced betwecin the vibrations in and at right angles to the 
plane of incidence. Hence, if the incident light is plane polai’ized at an 
angle of 45° to the; piano of incidence (which is the plane of the i)aper in 
Fig. 6), a total phases difference of one-fourth of a j)eriod (90°) is intro- 
dciced and the cnnergc'nt light is circularly polarized. If the phase differ- 
ence is not 90° or if the amplitudes of the two components arc different 
the resultant light will be elliptically polarized. 

A second method of producing circularly polarized light consists in 
passing monochromatic plane-polarized light through a thin crystalline 
plate which is doubly refracting. Very thin sheets of mica or selenite 
may be used or polished plates of quartz. These thin plates resolve the 
incident vibrations into two components at right angles to each other 
(c/. Fig. 4) which traverse the plate with different velocities and emerge 
with a phase difference dependent on the thickness of the plate. The 
thickness of the plate should be such as to retard one of the waves 90° or 
a quarter of a wavelength in order that the emergent light should be 
circularly polarized. It is evident that the wavelength of the light used 
determines the thickness of the plate. 

Studies with Circularly Polarized Light. In attempting to secure 
more precise infonnation concerning the effects which asymmetric 
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molecules exert upon light it has been found desirable to study the 
effects of circularly polarized light and clliptically polarized light. 
A correlation of the studies on rotatory dispersion (p. 268) and the 
absorption spectra has shown that abnormal rotatory dispersions are 
observed in the immediate vicinity of the specific absorption bands. 
Moreover, it was found that the beam of light emerging from an optically 
active substance was not plane polarized but elliptically polarized, pro- 
vided that the wavelength of the light used was within certain of the 
absorption bands. Next, the absorption of dextro- or levo-circularly 
polarized light was studied, and it was found that the absorption by an 
optically active molecule is dependent on the wavelength of the circularly 
polarized light. If the circularly polarized light possessed a wavelength 
in the neighborhood of the characteristic absorption bands of groups con- 
cerned with the optical activity of the molecule, then the beams of dextror 
and Zcro-circularly polarized light were absorbed to a different ext('nt, 
At all other wavelengths the coefficients of absorption were equal. This 
phenomenon is known as circular dichroisrn or the “C’otton effect,” since 
Cotton in 1896 demonstrated that alkaline solutions of coppi'r d-tartrate 
and 1-tartrate absorbed dextro- and Icre-circularly polariz('d light to dif- 
ferent extents. 

The differences which d- and 1-asymmetric molecules exhibit toward 
d- and 1-circularly polarized light has been us(‘d as a basis for an explana- 
tion of the mechanism by which optically active substances rotates the 
plane of polariz('d light. According to I'n'snel, the beam of plane-polar- 
ized light is split into two circularly polarized b(!ams of light with opj)o- 
site rotations. If the compound is optically inactive these two spirals 
travel with the same velocity and upon emerging recombine with a re- 
sultant which is plane-polariz(!d light. 

Thus, in Fig. 7, the dotted circle repre.sents the projection of the two 
circularly polarized components on the A'Z-planes, th(! Ixiams (ff light 
traveling perpendicular to the paper. At the end of a certain time^, the 
right circularly polarized light reaches the point Pd, and the leva beam of 
light reaches the point P/,. If the two beams traved at the same rate, 
then the arc JiPn = RPl and the nisultant b(!am is the plane-polarized 
component along OX. It is evident that all the residtants will lie on tlu; 
axis XOX' as long as the velocities of the d- and Z-circularly polarized 
beams are equal. 

If, however, the plane-polarized light pas.ses through an optically active 
compound then the velocities of the d- and Z-circularly polarized light are 
different. Suppose that the d-cireularly polarized light travels faster 
than the Z-beam ; then, as .shown in Fig. 8, after a certain time the d-ray 
will have reached the point Pd, and the Z-beam will traved only as far as 
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Pl. The resultant of these two circularly polarized beams is found 
by completing the parallelogram of forces, and the resultant is OQ, which 
represents the plane in which the polarized light is now vibrating. It is 
evident that the plane of vibration of the emerging light differs by the 
angle 6 from the plane of tin; incident light. Fresnel confirmed experi- 
mentally the corn'ctness of his explanation by mcians of a triple quartz 






prism. Cornu and von Lang later confirmed it asing a single quartz 
prism and finally Fleisohl ('stablished this explanation for optically 
active .solutions. 

Fxactly how the optically active molecule resolves the plane-polar- 
ized light into th('.s(‘ two ciicularly polarized beams and why it slows 
down one of them is not d('finitely established. It is known that only 
the valence electrons have any effect on light, and apparently the unsym- 
inetrical distribution of tlu' positive charges in an asymmetric molecule 
induec's electronic vibrations which exhibit the seh'ctive action on the 
v(.'ctor directions of the light photons constituting the d- and Lcircularly 
polarized light. 

A study of the absorptive powers of various groups for d- and L 
circularly polarized light has shown that those groups having absorption 
bands nearest the visil)le are the most effective in causing a high specific 
rotation. Hencc', if only one group attached to the asymmetric carbon 
atom absorbs circularly polarizc'd light near the visible region, the stereo- 
chemical position of this group will determine the direction in which the 
plane of polarized light is rotated. If more than one group has absorption 
bands near the visible, then it is necessary to calculate the effect of each 
group. A study of these ph('noinena appears to offer a means of inde- 
prmdently correlating the configurations of related compounds and thus 
of establishing whether or not a Walden inversion takes place. 
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The relationships which have been developed between the various 
factors have been summarized by Landolt in 1906 and more recently by 
Lowry (1935), whose excellent monograph should be consulted. Refer- 
ences to the work of the investigators mentioned above will be found in 
the books cited below. 


GENERAL REFERENCES 

Wood, ‘Thysical Optics,” Macmillan, New York (1934). 

Landolt, ‘The Optical Rotating Power,” translated by Long, Chem. Pub. Co., 
Easton, Pennsylvania (1902). 

Lowry, ^‘Optical Rotatory Power,” Longmans, Green and Co., London (1935). 
Ritchie, ^‘Asymmetric Synthesis and Asymmetric Induction,” Oxford Univershy 
Press, London (1933). \ 

\ 

Factors Influencing Optical Rotation 

Examination of formulas (1) and (2), developed by Biot for calculat- 
ing the specific rotation of optically active compounds, shows that certain 


(1) Pure Compounds 


(2) Solutions 
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conditions must be established experimentally. Hence, it is evident that 
the magnitude and direction of the specific rotation are dependent upon 
and vary with temperature, wavelength of the light, concentration, and 
nature of the solvent, since these factors appear in the above equations. 
Extensive investigations have been carried out in order to analyze the 
results obtained by variations in these factors. Landolt® in 1902, and 
Lowry ^ in 1935, summarized the data which had been accumulated, 
and these books contain complete information on this subject. In the 
following discussion, a few specific examples have been chosen from a 
large mass of data in order to illustrate the effect of variations in the 
factors mentioned above. 

Temperature. The specific rotation of a compound may either 
increase or decrease with a rise in temperature. For example, Krecke ® 
found that the specific rotation of d-tartaric acid increased with a rise in 
temperature (Table I). 

® Landolt, “The Optical Rotating Power,” translated by Long, Chem. Pub. Co. 
Easton, Pennsylvania (1902). 

* Lowry, “Optical Rotatory Power,” Longmans, Green and Co., London (1935). 

® Krecke, Arch, nSerland,, 7, 97 (1872). 
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TABLE I 

Tahtabic Acid 

Tbmpkbattjbe Concentration of Aqueous Solutions 

10% 20% 40% 

0° 9.95“ 8.66° 5.45° 

100 23.79 21.48 17.50 

On the other hand, Gerncz ® observed a slight decrease in the rota- 
tion of turpentine (impure i-pinene) as the temperature was increased 
(Table II). 

TABLE II 


Temperature 

Mj ^ (Turpentine) 

IV 

-36.53° 

98 

-36.04 

154 

-35.81 

168 (vapor) 

-35.49 

Pictet ’’ found that the specific rotation of methyl d-tartrate in- 
creased from 4-2.14° at 20° C. to -f6.00° at 100° C., whereas Cook’ 


showed that th(' direction of rotation of aspartic acid could be inverted 
by a rise in temperature (Table III). 

TABLE III 

Tempekature [aJo (Abpartic Acid) 

20° -1-4.36° 

75 0.00 

90 -1.86 

A similar inversion in the specific rotation of malic acid ® occurs at 
certain concentrations as the temperature is increased. 

No general stati'ments can be made relating the specific rotation with 
temperature change. Each compound must be studied, and the change 
in rotation with tempc'rature expressed graphically or by an equation 
which is limited in its application to that particular substance. The 
temperature effect is intimately connected with the phenomena of dis- 
sociation, association, and solvation which are discussed later. 

Wavelength of Light. In 1853 Biot pointed out that the magnitude 
of the rotation of plane-polarized light depended on the wavelength of 
the light, and was approximately inversely proportional to the square of 

•Gernez, Compt. rend., 68, 1108 (1864). 

^ Pictet, Arch. Gcnive, [.3] 7, 82 (1882). 

* Cook, her., 30, 294 (1897). 

• Thomsen, Ber., 16 , 441 (1882). 
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the wavelength. This change of rotation with change of wavelength of 
the light was called rotatory dispersion. If this dispersion follows the 
simple equation: 




Aq 

X" - V 


where [a]^ = specific rotation, Aq = constant for compound, X and 
Xo = characteristic wavelengths, then [a] increases regularly with 
decreasing values of X over the portion of the spectrum considcircd, the 
dispersion curve is an hyperbola, and the rotatory disper sion is said to be 
normal. If the dispersion does not follow this simple equation, but 
requires a complex expression of the type 




X^ - Xo- ^ X'-^ - Xo- ^ Z-r X- - Xo' 


then the dispersion is abnormal or complex. 

The study of the absorption of light by organic compounds has led to 
the discovery of the fact that compounds possf'ss characteristic absorp- 
tion bands. Such absorption spectra (p. 1774) have been corndated with 
the structure of the molecule, and it has been fairly well established 
that each of the bands is intimately dependent upon the presence of 
definite groups in the molecule. In an optically active compound, certain 
of these bands seem to be directly connected with tlu' groups concerned 
with optical rotatory power of the molecule. Hcmci', the spc'cific rota- 
tion of a compound changes mark('dly if the measurements are made with 
light of a wavelength which corresponds to one of tlw'se absorption 
bands. As a specific examph', the results obtained by W. Kuhn and 
Gore on a solution of d-camphor in hexane are shown in Fig. 9. 

The molecular rotation curve. A, undergoes abrupt changes as the 
region represented by the absorption curve, B, is approach(‘d and passed. 
At wavelengths of light remote from the absorption curve', very little 
change occurs in the optical rotation as the wavelength is changed. 

If the absorption bands occur in the visible rangee, as with colored 
compounds, difficulty is often experienced in d('t(;rmining the optical 
rotation. It is then necessary to determine th(i specific rotation at 
different wavelengths. With colorless compounds, satisfactory results 
are obtained by using a monochromatic source of light — usually the 
sodium D line. The wavelength of the light us(;d must always be speci- 
fied. The importance of this factor has been emphasized by Karrer dur- 
ing a study of the configurational relationships between the naturally 
occurring a-amino acids, a-halogen acids, and a-hydroxy acids. Tabic 

^'’Kubn and Gore, Z. physik. Chem., 12B, 392 (1931). 



OPTICAL ISOMERISM 


293 


IV contains some of the rotatory dispersion data obtained by Karrcr and 
Kaasc, “ which demonstrate the wide variation in rotation by change in 
wavelength of light and, in one instance, the change in the rotation of a 
compound from levo to dextro. 



Fio. 9. Rotatory Dispersion of J-Cainjjhor in Hexane. 
.1 — nioleeuiiir rotation; B = a})sorj>tion. 


Solutions. The specific rotatory power of an optically active solute 
dissolved in a solvent is depimdeut upon the following factors: 

1. Nature of solute. 

2. Nature of solvent. 

3. Concentration. 

4. Dissociation. 

o. .Association. 

All these factors are interdi'pi'ndent and must be considered together 
in discussing the specific rotation of any particular solution of a com- 
pound. 

In 1873, Ijandolt studied the rotations of the lithium, sodium, 
pota>ssium, and ammonium .salts of d-tartaric acid and found that the 
molecular rotations of thes(‘ salts approached the same value as the solu- 
tion was made more and more dilute. A few years later, 1876, Oude- 
mans found that dilute solutions of salts of quinine with different 
acids gav(i constant molecular rotations. Hadrich,^^ in 1893, also 
studied th(^ eff('ct of dilution and pointed out the relationship between 
the optical rotatory power of ionogens with the electrolytic dissociation 

Karrcr and Kaasc, llvlv. Chim, Acta, 2, 43G (1919). 

Landolt, Her., 6, 1077 (1873). 

Oiidoinaiis, Ann,, 182, 52 (1870). 

i^Hiidrich, Z. phijsik. Chew., 12, 470 (1893). 
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theory of Arrhenius which had been proposed in the meantime (1887). 
Thus, a dilute solution of a salt of an optically active acid owes its 
rotation entirely to the optically active anion, whereas, in more concen- 

R*COOM (R*COO)- + M+ (M = metal) 

trated solutions, both the undissociated salt and the anion affect the 
plane of polarized light. Similarly, the dissociation of a salt of an opti- 
cally active base (B*) 

B*HC1 (B*H)+ -f Cl- 

produces the optically active cation, and when dissociation is complete, 
only the cation is optically active and the anion is without appreciable 
effect. 

The molecular rotation of a salt of an optically active base with an 
optically active acid also I’eaches a constant value in dilute solutions, and 
this value is the algebraic sum of the rotations of the cation plus anion. 
For example, the dissociation of such a salt takes place as follows: 

lB*-ndA* :f± (dA*)- 

In dilute solution, A/d = Md cation + Mj) anion. 

As a specific example, the average value of the molecular rotation of 
morphine a-bromocamphor-7r-sulfonatc in dilute aqueous solution was 
found to be equal to —100°. Dilute aqueous solutions of morphine 
hydro(!hlorid(i gave an average value of —371° for the morphine cation 
and dilute aqueous solutions of a-bromocamphor-T-sulfonic acid gave 
an average molecular rotation of +271° for the anion. Hence, the rota- 
tion of the salt should be —371° + 271° = —100°, which checks the 
actual observed value. 

From the above discussion it is evident that the specific rotation of a 
solute, which is capable of ionization when dissolved in an ionizing 
solvent, is d('pcndent upon the degree of dissociation, which in turn 
varies with the concentration and, it may also be added, with the 
temperature. 

The factor of association of molecules of the solute also influences the 
specific rotation although the data on this point are rather meager. 
Different specific rotations are observed for an optically active liquid 
depending on whether the rotation is determined on the pure liquid, on a 
solution of the hquid, or on the vapor of the compound. For example, 
the [a]D for pure methyl d-tartrate was found to be +2.1°, whereas 
a benzene solution gave a value of —8.8°. Cryoscopic determinations 
showed a molecular weight of 411 in benzene, whereas the calculated 
value is 178. 

Frcundler, Aiut, chim, phys., [7] 4 , 256 (1895). 
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Structure. The attempts which have been made to correlate the 
degree of optical activity with the structure of the molecule have not 
led to the discovery of any definite relationships. A study of the 
Z-menthyl esters of monosubstituted acetic acids has shown that there 
is no regularity in the change of molecular rotation with change in 
polarity of the substituents.^® Some of the data arc given in Table V. 


TABLE V 

Z-MeNTHYL I'iSTERS OF SUBSTITUTED ACETIC AciDS 
XCIIi.C0.2Ci(,TIi9(Z) 



Dipole Moment 


Z-Menthyl Ester 

X = 

M X IQi® 

k of aoicl 

[Mil? 

N(CIl3)2 

+ 1.4 

1 3 X K)-'® (?) 

-150.9 

H 


1.8 X 10 ® 

-157.3 

Clla 

4-0 4 

1 4 X 10-® 

-160 2 

CO 2 H 

-0 9 

100 X ur® 

-1()0.2 

OC 2 H 5 


23 X 10“® 

-160.6 

OCH 3 

-1 2 

33 X 10 ® 

-165 

OH 

-1.7 

15 X Hr® 

-165 (at94°C) 

Br 

-1.5 

138 X Hr® 

-1()9 

Cl 

-1 5 

155 X 10 -® 

-171 

CN 

-3.8 

370 X 10-® 

-174 


When the polar group is in cIosct proximity to the asymmetric 
center than in the compounds just described, the variation of molecular 
rotation is greater. A series of products formed by the condensation of 
aromatic aldehydes with rf-phenyl oxynaphthyl iiK'thylamine showcxi in 
general a decrease of molecular rotation with increase of thci ionization 
constants of the acids corresponding to the akk^hydcis. 

The molecular rotations of several homologous seri(^s of compounds 
have been determined. Pickard and Kenyon pn^pared the seri(\s of 
alcohols shown in Table VI and the series of esters shown in l\ible VII. 

TABI.E VI 

[MJ?,® OF CIl 3 CIIOIIR(n) AND CoIKCHOITIU^O 



[M]u 



Methylethylcarbinol 

10.30 



Methyl-w-propylcarbinol . . . . 

12.10 

Ethyl-n-propylcarbinol . . . . 

. . 2 01 

Methyl-n-butylcarbinol 

11.80 

Ethyl-n-butylcarbinol 

.. 9.43 

Methyl-n-amylcarbinol 

12.00 

l!]thyl-n-amylcarbinol ... . 

. . 10 09 

Methyl-n-hexylcarbinol 

12.70 

Ethyl-n-hexylearbinol 

. . 10 63 

Methyl-n-heptylcarbinol . . . . 

12.90 

Ethyl-7i-heptylcarbinc)l . . . . 

. . 10 58 

Methyl-n-octylcarbinol 

13.70 

Ethyl-n-octylcarbinol 

. . 10 74 

Methyl-n-nonylcarbinol .... 

14.00 

Ethyl-n-nonylearbiiiol 

. . 11 09 

Methyl-n-decylcarbinol 

14 50 

Ethyl-n-deeylcarbiiiol 

.. 12.44 

Methyl-n-undecylcarbinol . . . 

14.40 

Ethyl-n-unde(*yl(airl)iiiol . . . 

.. 12.56 

Rule, Trans. Faraday Soc., 

, 26, 325 (1930). 




” Pickard and Kenyon, J. Chem, Soc., 99 , 49 (1911) ; 103 , 1923 (1911) ; 106 , 830 (1914) 
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The data on the alcohols (Table VI) indicate merely that the molec- 
ular rotation of the molecule gradually increases with the length of the 
alkyl group and that the increment becomes smaller. On the other 
hand, the molecular rotations of the optically active aliphatic esters 
(Table VII) appear to approach hmiting values with increase in the 
length either of the acyl group or of the alkyl group. 

It is obvious from such results as have been given that no deductions 
concerning the molecular rotation of a molecule can be drawn from a 
knowledge of its structure. 

Concentration. The optical rotation of a compound in solution 
varies with the concentration, since the degree; of dissociation or associa- 
tion is dependent on the concentration. Undoubtedly solvation also 
plays an important role, and this factor is related to concentration. \ 

Solvent. The solvent itself also profoundly influences the rotation 
observed. Pribram determined the rotations of 5 per cent solutions 
of d-tartaric acid in a variety of solvents, some of the results being shown 
in Table VIII. 

TABLE VIII 


Optical Rotation of d-TABTARic Acid in Different Solvents 


Solvent 

[<^]!? 

Water 

-I-H.40 

Ethanol 

+3.7Q 

Ethanol + benzene (1:1) 

-4.11 

Ethanol + toluene (1 : 1) 

-6.19 

Ethanol + chlorobenzene (1:1) 

-8.09 


It is clear from the data in Table VIII, and also from numerous other 
studies, that the solvent influences not only the magnitude but also the 
direction of rotation. Hence, it is necessary to specify the solvent when 
speaking of a certain optical isomer as being the d-isonuT or i-isomcr. 

It should be mentioned that no change in configuration is involved in 
the phenomena under discussion; i.e., it is exactly the same optical form 
which rotates polarized light to the right in one solvent, and to the lejt in 
another solvent; to the right at one concentration and to the left at 
another; to the right at one temperature and to the left at a different 
temperature. 

During the past ten years a systematic study of the relationship be- 
tween the solvent and optical rotatory power of a compound has been 
undertaken by H. G. Rule and his co-workers in order to gain more 

1* Pribram, Ber., 22 , 6 (1889). 

»» Rule and co-workers, J. Chem. Soc... 674, 2652 (1931) ; 1400, 1409, 2332 (1932) ; 376, 
1217 (1933) ; Mcl.«an, ibid., 361 (1934). 
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precise information concerning the change in optical rotatory power 
caused by solvents. These investigations were carried out on com- 
pounds and solvents so chosen that the factors of ionization and associa- 
tion of solute molecules were excluded. 

The optical rotation of methyl Z-menthyl naphthalate in a large num- 
ber of solvents was determined. It was found that the dipole moment of 
the solvent furnished a physical property which enabled correlations to 
be made, provided that the polar solvents were classified according to the 
parent hydrocarbon from which they were derived. The non-polar 
solvents constituted a separate class. Four series of solvents were ob- 
tained in which the optical rotation varied sympathetically with the 
dipole moment. Some of the data are shown in Table IX, the upper 
half of which represents the polar solvents which may be regarded as 
derived from methane. 


TABLE IX 


Vauiation in Optical Rotation ok 



CO2CH3 

'CO2C10II19 


WITH THE Dipole 


Moments of the Solvents 


Polar 

Solvents 


Non-polar 

Solvents 


Dipole Moment 


Solvent M 

X lO'* 


CH 3 NO 2 

3.8 

-219^ 

CII 3 CN 

3 2 

-239 

C113CH0 

2 7 

-316 

CH 3 ] 

1.3 

-336 

CII 3 OH (associated) 

1.6 

-383 

CS 2 

0 

-437 

CCI 4 

0 

-563 

C51112 

0 

-651 

CeHu 

0 

-653 

C 7 H 16 

0 

-653 


Examination of the data in Table IX shows that the molecular rota- 
tion increases as the dipole moment of the solvent decreases. Three 
similar series of solvents derived from ethane, benzene, and naphthalene 
were also studied. The results demonstrate that there is little or no 
regularity when solvents of one series are compared with those of another. 
Hence, the most favorable conditions for the observation of regularities 
are obtained when all the solvents are derived from the same parent 
hydrocarbon. 

The solvents which have no dipole moment give the largest molecular 
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rotations. There is, however, a large variation in the solvents with no 
dipole moment. Such compounds fall into two classes. 

(o) Compounds with No Permanent Dipoles. The paraffin hydro- 
carbons are examples of such molecules. Consideration of the data in 
Table IX shows that a maximum and constant molecular rotation of 
the ester is observed in pentane, hexane, and heptane. It seems reason- 
able to believe that in these solvents there is a minimum of association 
between solute and solvent. 

(6) Compounds with Neutrali?cd Dipoles. Carbon disulfide and 
carbon tetrachloride are molecules in which the electric moments are 
opposed to each other, and hence are non-polar with reference to a uni- 
form external field. However, such a moh'cule may exert a definite 
force on a point charge or dipole in its immediate neighborhood. If the 
solute possesses a dipole, then association with the solvent may occur. 

_ + _ 

s=c=s 

II— c^o 

1 

OR* 

Such association would tend to decrease th(^ rotatory power, since it 
would decrease the polarity of the solufe. The magnituch' of the rota- 
tion of a solute has b(!en experimentally demonstratc'd to depend upon 
the polarity of the groups in the solute located near the asymnu'tric 
carbon atom. It is an association of this type which is advanced to ex- 
plain the fact that methyl Z-menthyl naphthalate possesses a molecular 
rotation of only —437° in carbon disulfide iis a solvent, but a rotation of 
— 653° in the paraffin hydrocarbons. 

The extent of tliis association between solute and solvent will depemd 
not only on the magnitude of the dipole moments of both, but also on 
the steric effects which influence the closcaiciss of association of solvent 
and solute, and are dependent upon the individual st ructure of each. An 
illustration of the way in which steric effects may dominate the results to 
be expected from the dipole moments is demonstrated by using the 
isomeric butyl chlorides as solvents. The data for the rotation of methyl 
Z-menthyl naphthalate are given in Table X. 

ZerZ-Butyl chloride has the largest dipole mom(‘nt, and should produce 
the lowest rotation of the ester. However, it actually leads to the highest 
rotation because of the steric or screening effect of the three methyl 
groups on the carbon-chlorine dipole. The n-butyl chloride shows the 
minimum, and the isobutyl chloride an int('rmediate rotation of the 


_ + _ 

^C=S -1- R— C=0 
1 

OR* 
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ester, since the former has the minimum and the latter an intermediate 
steric effect. 

TABLE X 



Dipole 

[MllSei 

Solvent 

Moment 

M X 10i« 

CHsCHiCIIjCHjCl 

Oils 

1 

1.90 

-450“ 

CH,CHCH,C1 

CII, 

1.90 

—464 

1 

CHs— C— Cl 

in. 

2.14 

-511 


Finally, Rule and his students have obtained n^sults which indicate 
that the dipoles in substituted benzene derivatives may act independ- 
ently in associating with the optically active solute. Table XI shows 
some of the data obtained on methyl Z-menthyl naphthalate when dis- 
solved in various aromatic compounds as solvents. 

TABLE XI 


Solvents 

Difiole 

Moment 

M X io^« 


^ Benzene Solvent 

CeHe 

0 

-543° 


CcILCl -f- Celle 

1 52 

-501 

42° 

o-CelLCb + Celle 

2 25 

-470 

73 

7 >-C 6 lLCl 2 + Celle 

0 

-463 

80 

CeHeNO-a + Celle 

3 9 

-527 

16 

m-C 6H4(N02)2 + Celle 

3.7 

-510 

33 

;>-C6H4(N0.).2 -I- Celle 

0 

-508 

35 


Careful ('xamination of the data in Table XI shows that when the 
disubstituted benzenes are used as solvents the drop in rotation (A) 
of the ester is nearly double that observed when a monosubstituted 
benzene is used as the solvent in place of benzene. 

In general, it now appears that association between solute and solvent 
IS one of the important factors influencing optical rotatory power, and 
that the dipole moments or neutralized dipoles of the solvent are factors 
in determining the degi’ce of association. 

Recent investigations have shown that rotations of optically active 
compounds in hydrogen-containing solvents differ from those observed 
in the corresponding deuterium solvents. The magnitude of the change 
in specific rotation is not gi’oat (usually less than one degree). A review 
of these stxidies has been contributed by Buchanan."® 

Buchanan, Cheniiairy & Industry, 748 (1938). 
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Deutero Compounds. The replacement of hydrogen by deuterium in 
an optically active compound causes a slight change in the optical 
rotatory power. For example, Erlenmcyer and Bitterlin prepared the 
two compounds shown in Figs. 10 and 11 and found that the deutero 
compound had a slightly lower specific rotation in aqueous solution. 

COaNa C02Na 


HO 

D OH 

CO2NH4 


HO- 

H-|- 0 H 

CO2NH4 


o!d=>31.5' 
Fig. 10 


q:i>=32.8 
Fig. 11 


Molecules in which the sole cause of asymmetry is the replacement 
of hydrogen by deuterium have been studied in order to determine 
whether optical activity is possible. The structures shown in Fig. 12 arc 



certainly asymmetric according to definition, but the differences in 
optical rotatory power of the d- and i-forms may be exceedingly small. 
Up to the present time all compounds of this type have been found to be 
inactive or to have given such small observed rotations as to be indecisive. 

Mention may be made of several ingenious attacks on this problem. 
Studies on a-pentadeuterophenylbenzylamine (Fig. 13) have shown 
that it could not be resolved, contrary to earlier reports.^^ McGrew 

CeDi 

I 

C«Hb— C— NII 2 


H 

Fig. 13 

Erlenmcyer and Bitterlin, Helv. Chim, Acta, 23, 207 (1940). 

22 Adams and Tarbcll, J. Am. Chem. Sac., 60 , 1260 (1938). 

23 Clemo, Raper, and Robson, J. Chem. Soc., 431 (1939), 

2^ Clemo and McQuillen, ibid., 808 (1936). 
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and Adams resolved l-pentyTi-3-ol (Fig. 14) and reduced it catalytically 
with deuterium to the tctradcutero compound of Fig. 15 which was found 
to be optically inactive. 

H H 

Calls— C—feCII Calls— C—CDaCHDa 

OH OH 

Fig. 14 Fig. 15 

Coppock, Kenyon, and Partridge** prepared the p-phenylphonyl- 
urethan of i-phenylvinylcarbinol (Fig. IG) and reduced it with deuterium 
hoping to obtain dia.stereoisomers of Fig. 17, but no separation could be 

P-C 6 H 6 C 6 H 4 NHCO 2 — CHCfiHs 7 i-C6H5C6H4NHC02CHC6Hs 

1 1 

CH CHD 

II I 

CHa CHaD 

Fig. 1G Fig. 17 

effected. In another experiment the /-phenylvinylcarbinol was reduced 
with deutiirium and the 3,5-dinitrobenzoate fractionally crystallized. 
Hydrolysis to the alcohol and oxidation produced an inactive ketone. 

R(>duction of i.sopropylideniwZ-glyceraldehyde (l^ig. 18) produced 
the optically active compound of Fig. 19 whit^h upon hydrolysis produced 
an optically inactive deuteroglycerol *’ (Fig. 20). 


CHO 

D 

D 

j 

CH— 0\ 

1 

CH— OD 

j 

CHOH 

1 >C(CH3)2 

- 1 

- 1 

CHa— 0/ 

CH— Ov 

1 >C(CH3)2 

CHa— 0/ 

CHOH 

! 


CHaOH 

Fig. 18 

I’m. 19 

Fig. 20 


The two .substituU'd allyl alcohols shown in Figs. 21 and 22 were 
dehydrated with d-camphor-lO-sulfonic acid in an effort to obtain the 
optically active allene of Fig. 23, but the products showed no optical 
activity.*® 

McGrew and Adams, J. Am, Chem, <Soc., 69, 1497 (1937). 

Coppock, Kenyon, and Partridge, J. Chem, Soc., 1069 (1938). 

Erlenmeyer, Fischer, and Baer, Helv, Chim, Acta, 20, 1012 (1937). 
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CeHss^ 

yCeHs 

CsHrv^ ^CeHs 

C=CH— 

C 

-11,0 ^ 

CioIIt^ 



Fia. 21 


-n^o/' Fia. 23 


CelTss^ 

c=cri— c 

CaDs^ |)^CioH7 

Fig. 22 

Configurational Notation i 

Notations have been introduced to indicate configurational relaticin- 
ships which are independent of the numerical value or sign of the specific 
rotation and denote the relative position which the groups about the 
asymmetric carbon atom possess. 

According to one notation suggested by the Committee on Carbo- 
hydrate Nomenclatures of the American Chemical Society, dextro- 
glycerose is chosen as the standard reference substance and desnoted as 
D-glycerose and all compounds having the same configuration shall 
belong to the D-configurational series. Those having the opposite con- 
figuration shall belong to the L-series. Capital letters are used to demote 
configurations. When the Fischer projectional straight-chain formula of 
a compound belonging to the D-seri('s is written vertically with carbon 
number one at the top, them the — OH (or other substituent such as OR, 
OAc, NH2) of the terminal asymme^tric carbon atom shall bo placed to 
the right of the chain. If the formula is writteai horizontally it shall lie 
below the chain when carbon number one is to the right. A second 
notation uses the lower-case letters d- and /- to demote configuration, 
and plus (+) and minus ( — ) signs to show the rotation. * The following 
formulas illustrate these notations: 

1 


CHO 
2 1 

H— C— OH 
3 i 

HO— C— H 

4| 

II— C— OH 
H— C— OH 

6 I 

CH 2 OH 

D-Glucose, 
dC+) glucose 


CHoOH 

CO 

IIO- ('—II 
11— C— OH 
H— C— OH 

I 

CH 2 OH 

D-Fnictose, 
d { — fructose 


Clio 

1 

IIO-C— H 

I 

H— C— on 

1 

H— C— OH 

I 

CII 2 OH 

D-Arabinose, 
d( — ) arabiiioBe 


CHO 

I 

II— C— OH 

I 

CII 2 OH 

D-Cilycerose, 
d( + ) glycerose 


* Care must bo exercised in using this notation, since many articles in the chemical 
literature use d- and Z- indiscriminately for rotation or configuration. The Fischer con- 
vention is summarized by Hudson, J, Chem. Ed,, 18, 353 (1941). 
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CO2H 


H— C— OH 


CHs 


D-Lactic acid, 
d( — ) lactic acid 


CO2H 

1 

H— C— NHa 


CO2H 

1 

H— C— OH 


CH3 

D-Alanine, 
— ) alanine 


CeHs 

D-lMandelic acid, 
di — ) maiidelic acid 


The mirror images of these compounds belong to the L-series, re- 
gardless of their rotations. The investigations of Clough, Karrer,^^ 
Levene,^® Freudenberg,^^ and others have shown that all the a-amino 
acids obtainc^d from proteins belong to the L-series, although the specific 
rotations of some of these are actually dextro, 

Mutarotation 

It has been observed experimentally that(,the rotatory power of a 
freshly prepared solution of certain optically active substances is not 
constant, but gradually changes, finally reaching a constant value (not 
zero) by reavSon of th(' establishment of an equilibrium. This change in 
rotatory pow('r is termed rmdarotation,'^ C'orrelation of this phenomenon 
with the struct un^ of th(' compounds which exhibit such behavior has 
shown that in each case a vonjiguraiional or structural change has oc- 
curred. 

Configurational Changes. Tanret.^- found that two forms of D-glucose 
could be obtaintd. Fix'shly prepared solutions of one form, a-glucose, 
poss('ss('d a rotation of +110'^, and the second form, /5-glucosc, a rota- 
tion of +17.5°. On standing, the rotations of both solutions changed 
and finally reaclu'd a constant, value of +52,5°. The essential changes 
involved, without consid(a*ation of the mechanism, are due primarily to 
an equilibrium b(d ween the forms shown in Figs. 24 and 25. 

The proof of these structures is given in th('. chapter on carbohydrates 
(p. 1555), but(ljie point to be noted here is that the mutarotation is 
caused by a change^ in the configuration of the groups attached to 
carbon atom number one (marked *). In general, it has been found that 
all r<\lucing sugars and many of their derivatives exhibit mutarotationl 
The alkaloidal salts of certain substituted biphenyls exhibit mutarota- 
tion, which is due to the conversion of one form of the salt into an equi- 
ps Clough, J. Chnn. Soc,, 113 , 5i:G (1918). 

Karrer, Hclv. Chim. Ada, 6, 957 (1923). 

Levene, see Gilnuin, “Organic Chemistry,” John Wiley & Sons, New York (1938), 
First Edition, Vol. 11, Chapter 21. 

Freudenberg and eo-workers. Bcr., 66 . 193 (1923) ; 67 , 1547 (1924) ; 68 , 1753 (1925) 
60 , 2447 (1927) ; 61 , 1083 (1928). 

♦ The terms niultirotation and birotation have also been used. 

Tan ret, Compt. rend., 120 , lOGO (1895). 
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H 


HO 


CH 2 OH 

I 

C 0 


H 

OH 

si 

C— 


H 

I. 

-C 


H 


C* 

\ 


OH 


H OH 
Fig. 24 

a-D-Glucopyranoee 

hJ5. + iiQo 


H 

L 

c 


CH2OH 

1 

C 0 

^1 

H 



Equilibrium mixture, [of] JJt + 52.5 
(34% a, 66% /3) 


c* 

\ 


OH 


H 


/9-D-GIucopyranose 
+ 17.5° 


librium mixture of this salt with its diastercoisomer. This is illustrated 
by Figs. 26 and 27. 



Fig. 26 

d-form 


Fig. 27 

/-form 


(H Base)"*" 


The change in rotation results from the turning of one phenyl group 
through 180° about the pivot bond. It occuns in biphenyls whose ortho 
groups are small (see Part VIII). This represents a configurational 
change in the biphenyl part of the molecule; the alkaloidal part is 
unaffected. 

A spontaneous change in configuration at one center of asymmetry 
(with no changes at any other centers of asymmetry) leads to mutarota- 
tion and formation of an equilibrium mixture of two diastereoisomers, 
which are usually (but not necessarily) present in unequal amounts. 

Structural Changes. Aqueous solutions of the lactones of certain 
of the sugar acids also mutarotate. Figures 28, 29, and 30 show the 
equilibrium between the lactones of gluconic acid.** 

The mutarotation is due to a structural change which results from 
the opening of the 7 - (Fig. .30) or 5- (Fig. 28) lactone rings by hydrolysis to 
gluconic acid (Fig. 29), The groups attached to the asymmetric carbon 

*’Nef, Ann., 403 , 204 (1914); Haworth and others, J. Chem. Soc., 89 , 1899 (1926); 
90 , 1237, 2436 (1927). 
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atoms, numbered 2, 3, 4, and 5, in each of the three molecules are differ- 
ent, and hence the optical rotatory power changes as one of the three 
molecules is converted into the equilibrium mixture. No configurational 
shift occurs about the asymmetric carbon atoms. 


CHaOH 

(!:*— o 


\ 


H 

1\ OH H , 

i iH 

Fig. 28 

l,5.01uconolactone 
[alg’, +63.5** 




H 


CH 2 OH 
C— OH 

i\n/ 

Fig. 29 

Gluconic acid 
-13“ 


OH 

i-o 


CH 20 H 
H—i— OH 


Os 


OH H 


C- 


c=o 


OH 


Fig. 30 

1 ,4-Gluconolactone 
[ol]g>, +67.8“ 


Equilibrium mixture, Wq, +6.2° 


Another example in which a reaction causes mutarotation is found 
in the primary amine salts of d-camphor-lO-sulfonic acid.®^ In an- 
hydrous solvents an equilibrium is set up between the salt, ketimine, 
and water, as shown by Figs. 31 and 32. 

The salt ketimine reaction modifies the groups about the asym- 
metric carbon atoms (*), but no configurational change is involved. The 
possibility of such a transformation must be kept in mind when d- 
camphor-lO-sulfonic acid is used as a resolving agent. 


CHjSOzO-fCeHsNHa)- 


CH 2 SO 2 OH 


CH 2 C- 


C=0 


CH2 


CHr-C— CHs 


1 

CHs— C— CHs 

1* 


1* 


-C=N— CeHs 


+H2O 


CH2 


--CH- 

Fig. 31 


-CHa 


CH 2 - 


— CH— 
Fig. 32 


-CHs 


Aniline d>camphor- 
IG-sulfonate 
Iaj“. +37.5° 


Mixture 
10 ]“. +10.7° 


2 (N -Phenylketimino)- 
10-camphanesulfonic acid 
[«]“, -170.5° 


LMutarotaiion, due to structural change, is associated with molecules 
in which the groups about the asymmetric center are readily modified by 
the solvent or by some reaction which takes place easily in solution, y 
/^he rate of mutarotation, whether due to configurational or structural 
cMhges, is dependent upon temperature, solvent, and catalysts. All 
examples of mutarotation that are known take place in solution.JJ 
** Sohreiber and Shriner, J. Am. Ckem. 3oc„ 57, 1306, 1445, 1896 (1935)* 
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Asymmetric Sjmthesis 

The laboratory synthesis of asymmetric molecules, using ordinary 
chemical reactions and conditions, invariably produces the racemic modi- 
fications. On the other hand, most of the asymmetric molecules occur- 
ring in plants and animals are found as either the dextro or levo isomer. 
The problem of synthesizing optically active molecules, without recourse 
to resolution methods, has consequently intrigued organic chemists. 

Emil Fischer,®® in 1894, discussed this problem, and Marckwald,*® 
in 1904, outlined in more precise terms the synthesis of optically active 
compounds. Marckwald defined “asymmetric syntheses” as those proc- 
esses which produce optically active compounds from symmetrically 
constituted molecules by the intermediate use of optically active re- 
agents, but without the use of any of the methods of resolution. This ils 
the ordinary interpretation of the term “asymmetric synthesis” ai 
employed today. ’ 

Many examples of asymmetric syntheses are known. An optically 
active mandelic acid was obtained by McKenzie by the following series 
of reactions: CHs 

I 

CH 

/ \ 

0 CH 2 CII 2 

II I I 

C 6 H 5 COCO 2 H )■ CeH5CC02Cn CH 2 

\ / 

CH 

I 

CH(CH3)2 
Z-Mentliyl benzoylforuiate 

H H 

CeHs— C— CO 2 C 10 II 19 Cells— C— COaCioHis 

I 

OH 

j i-Meiithyl i-maridclate (excesfl) 

1 Z-Menthyl d-mandelatc 

CeHe— C— CO 2 H 

I 

OH 

Z-Mandelic acid (exoesa) 
d-Mandelic acid 

Fischer, Bcr., 27, 3231 (1894). 

w Marckwald, Ber., 37, 349 (1904). 

3^ McKenzie, J. Chem, Soc., 86, 1249 (1904} ; McKenzie and Humphries, ibid., 96, 
1105 (1909). 


OCOCH 3 

1 “-“ 

H 
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The reduction of the Z-menthyl ester of benzoylformie acid produces 
the two diastereoisomeric esters of mandelic acid in unequal amounts, 
and acetylation and hydrolysis result in a mandelic acid which contains 
an excess of the levo form. Thus, benzoylformie acid, which has no asym- 
metry and contains no asymmetric carbon atoms, is converted into 
mandelic acid, which does have an asymmetric carbon atom and is opti- 
cally active. The nascent hydrogen may add to the ketone carbonyl 
group in two ways and at different rates because of the asymmetry of 
the molecule due to the presence of the Z-menthyl group. In a similar 
manner, the pyruvates of Z-menthol, Z-borneol, and Z-arnyl alcohol yield 
optically active lactic acids by reduction and hydrolysis. 

CH 3 COCO 2 II* CH 3 CHOHCO 2 II* CH 3 CH 0 nC 02 H 

where R* is an optically active group. 

Treatment of optically active esters of a-ketonic acids with the 
Grignard reagent, followed by hydrolysis, also produces optically active 
hydroxy acids. The general reactions arc as follows : 

0 0 OMgX 

II II H'MgX I 

R— C— CO 2 H R— C— CO 2 R* R— C— CO 2 R* 

(Optically 
inactive) 

OH 

I 

R— C— CO 2 H - 1 - R*OH 

I 

R' 

(Optically 

active) 

McKenzie and his co-workers investigated some thirty examples of 
the above type, in which a variety of groups was used. Some of the 
groups were: 

R = CeHs— ; (p)CH 30 C 6 H 4 — ; CH 3 — ; «-CioH 7 — 

(Opt. act.) R* = Z-menthyl; Z-bornyl; cZ- and Z-2-octyl 
R' = CH 3 — : C 2 H 5 — ; n-C3H7— ; iso-C3H7— ; C 4 H 9 — ; C.H 5 — 

In each case, asymmetric syntheses are effected, and the resulting 
hydroxy acids contain an excess of one of the optical isomers. 

McKenzie, ihid.y 87, 1373 (1905); McKenzie and Wren, ibid.t 89, 688 (1900) 
McKenzie and MUller, ibid.y 96, 544 (1909). 

McKenzie and co-workers, ibid,, 86, 1249 (1904) ; 96, 544 (1909) ; Biochem. Z,, 237 
1 (1931) ; 260, 376 (1932) ; 231, 412 (1931). 
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An interesting as 3 anmctric synthesis was reported by MarckwaJd,^® 
who prepared the acid brucine salt of ethylmethylmalonic acid, Fig. 33. 
This solid salt was then heated to 170°, then^by eliminating carbon 
dioxide from the molecule and forming the brucine salt of cthylmethyl- 
acetic acid, Fig. 35. Removal of the brucine gave a Zeyo-rotatory cthyl- 
methylacctic acid. Fig. 36, which was found to contain 55 per cent of the 
Worm and 45 per cent of the d-isomer. 


CIIsx /CO2H 

>C< + C23H26O4N2 

C 2 H 5 / \CO 2 II 


CrisK /CO2II 

)>(Y 

C211B/ V02C23H2704N2 


Fig. 33 


i 1 cat 


Fig. 34 


CHsv /H 

)>C<( 

C2II/ \CO 2 II 
Fig. 3() 


cn,\^/ii 

C 2 H 6 /^ \cO2C23H27O4N2 

Fig. 35 


The process thus starts with the malonic acid, Fig. 33, which is sym- 
metrical, and ends with the ethylmethylacetic acid, Fig. 36, which con- 
tains an asymmetric carbon, and which is oj>tically ac^tive. No resolu- 
tion is involved, since equimolecular amounts of the malonic acid and 
brucine are used, and the solvent is evajioratcd completely in producing 
the brucine salt. 

Eisenlohr and Meier have demonstrati'd that the acid brucine 
salts decompose at the same rate and suggi'st t hat during the evaiiorat ion 
of the solvent unequal amounts of the diastereoisomeric acid brucine 
salts (Fig. 34) arc produced so that tlu; solid material contains an cx(;ess 
of one diastereoisomer. Decarboxylation then produces an excess of oru; 
isomer of ethylmethylacetic acid. 

In practically all cases, the active products ol)tained by asymmetric 
syntheses are not optically pure. The amount of one isomer usually 
exceeds that of the other isomer by not more than a fow piT cent. This 
has been demonstrated in most instances by indepimdent synthesis of the 
pure d- and Worms, and observation of their maximum optical rotation. 

Bredig^’* and his collaborators studied the addition of hydrogen 
cyanide to benzaldehyde. In the presence of d-quinidine, an optically 
active mandelonitrile was produced which hydrolyz(;d to a dextro man- 


« Marckwald, Ber., 37 . 349 (1904) ; Tijmatra Bz, Ber., 38 , 2105 (1905) ; Erlonmeyor, 
Biochem. Z., 64 , 366 (1P14; 

Eisenlohr and Meier, Ber., 71 , 10u5 (1938). 

Bredig and Fiske, Biochem. Z., 46 , 7 (1912) ; Bredig and Minaeff, ihid., 249 , 241 
(1932). 
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delic acid. In the presence of Z-quinine, the same reactions produced a 
levo mandelic acid. 

CelleCHOHCN CeHsCIIOHCOiH 

HCN 54.3% dpxtro 

/ 45.7% leva 

Quinidine 


CellsCHO 


\ HCN 
Quinine 

CeHfiCHOHCN 

dextro 


C6H5CHOHCO2H 

4S.5% dextro 
51.5% levo 


Five other aldehydes were shown to behave similarly, and the 
results parallel in a striking manner the asymmetric synthesis of opti- 
cally active cyanohydrins from aldehydes and hydrogen cyanide in the 
prest'nce of the enzyme, emulsin,^^ from almonds. Thus, d-mandelo- 
nitrile is obtained from benzaldehyde and hydrogen cyanide in large ex- 
cess over Z-mandelonitrile, sinc<; hydrolysis gives Z-mandelic acid, which is 
optically pure after only two crystallizations. 

Many additional asymmc^tric syntheses have been effected by en- 
zynu's. Some of these arc listed below in order to give an idea of the 
scope of the studies. 


CellbCII^CHCOaH -I- 11.0 (Z) C 6 H 5 CHCH 2 CO 2 H 

on 

Fumaraae GH.CO2H 


CHCO 2 H 


(Dakin) ** 


HOsCen + n..o > (z) i 

CHOHCOoH 

(Dakin) ^ 

CHCO2H Aspariase CnNn 2 C 02 H 

II -f Nib - - (Z) 1 

no 2 CCH CH2CO2H 

(Sumiki) 

CH3COCO2H — ^ (rf) C1I3CHNH2CO2H 

(Embden) ^ 

lieductase 

C6H5COCH3 (Z) C6H5CHOHCH3 

(Neuberg) 

Tieductase 

CcHiCOCOzH )• (Z) CfillDCHOHCOsH 

(Rosenthaler) ^ 


« Rosenthaler, iMd., 14. 238 (1908); 17. 267 (1909); 19, 186 (1909); 26, 1, 7 (1910); 
Fcrrnentforachungt 6, 3134 (1921); Arch, Pharm,, 249, 510 (1911). 

Dakin, J. Biol, Chem., 62, 1S3 (1922). 

Suiniki, BtdL Jap. Soc. Fcrvicnt., 23, 33 (1928). 

46 Embden and Schmitz, Biochvm, Z., 29. 423 (1910) ; 38, 393 (1912). 

47 Nenberg and Lewite, ibid., 91, 257 (1918) ; Neuberg and Nord, Ber., 52, 2237, 2248 
(1919). 

46 Rosenthaler, Z. Untersuch. Nahr, u, Geiiussju.f 20, 448 (1910). 
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CarboliKaso 

CH3CHO + CeHBCHO ^ (0 CbHbCHOHCOCHs (Neuberg) 

KetoaldchydemutaBes 

CH3COCHO + H2O > id) or (Z) CH3CHOHCO2H 

(Neuberg) “ 


A comparison of the optical purity of the products of these enzymatic 
asymmetric syntheses with the previously cited asymmetric syntheses, 
using optically active reagents of known structure, shows that in the 
enzymatic reactions one optical antipode is often produced in great 
excess over its isomer and sometimes approaches 100 per cent optical 
purity. ; 

Enzymes are complex organic compounds which are known toibe 
optically active. The asymmetric synthesis effected by means \ of 
enzjnnes probably involves a combination of the substrate with tljie 
enzyme to produce an asymmetric molecule, which then undergoes 
selective hydration, reduction, or amination. Since the reaction is so 
one-sided, however, it is not certain that exactly the same mechanism is 
involved in enzymatic asymmetric syntheses as in the simple reactions 
studied by Marckwald and McKenzie. 

The asymmetric syntheses brought about by enzymes are important 
because they offer a possible explanation for the continual production of 
optically active compounds in plants and animals. It should be noted, 
however, that none of these asymmetric sjmtheses offers an explanation 
of the origin of optically active compounds. The original opticjally 
active compound or enzyme necessary for these asymmetric syntheses is 
still to be accounted for. 

Considerable interest has been manifested in a phenomenon termed 
asymmetric induction, which has been defined by Kortum as the action 
of a force, arising in an optically active molecule, which influences 
adjacent symmetrical molecules in such a way that they become asym- 
metric. Two types are generally distinguished, intramolecular and inter- 
molecular, depending on whether the systems involved are in the same 
or different molecules. At the present time, the evidence supporting the 
idea of asymmetric induction is not at all conclusive. An excellent 
review of the subject has been contributed by Ritchie.^ 

An absolute asymmetric synthesis would consist in the preparation of an 
optically active molecule without using at any stage of the synthesis an 

Neuberg and Hirsch, Biochem. Z., 116 , 282 (1921) : Neuberg and Ohle, ibid., 128 , 
610 (1922). 

w Neuberg, ibid., 49 , 602 (1913) : 61 , 484 (1913). 

Kortiim, Samml. chem, chem.-tech. Vorlrdge, 10 (1932). 

Ritchie, “Asymmetric Synthesis and Asymmetric Induction,” Oxford University 
Press, London (1933). 
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optically active reagent, and without using any of the methods of resolu- 
tion. In order to induce the formation of an excess of one enantiomorph, 
the effect of various physical agents on the reactants has been studied. 
The only agent which has yielded interesting results is circularly polar- 
ized light (p. 285). 

Cotton “ attempted to effect an asymmetric decomposition by ir- 
radiating the alkaline copper dZ-tartrate with dextro- and Ze«;o-circularly 
polarized light, but no excess of one form resulted. This has been shown 
by Byk to be due to the fact that photochemical reductions can be 
effected only by the ultra-violet components of sunlight, whereas the 
alkaline tartrates exhibit circular dichroism only at the red end of the 
spectrum. 

Numerous other attempts to effect selective decomposition of race- 
mates were unsucccs.sful. In 1929, however, Kuhn and Braun “ ob- 
tained a faintly active product by the photoch(;mical decomposition of 
CH 3 CHCO 2 C 2 H 6 with dextro- and Zcto-cin^ularly polarized light of 

Br 

wavelength X = 2800, which corresponds to one of the absorption 
bands of this compound. The rotation, however, was very small, only 
±0.05°. In 1930, more conclusivt; results “ w('re obtained by the de- 
composition of a-azidoproi)ionic dimethylamide, CH 3 CHCON(CH 3 ) 2 . 

/N 

N=N 

This molecule has a specific absorption band at X = 2900, wliich is due to 
the azido group. The d- and Z-fonns of this amide exhibited circular 
dichroism at this wavelength. The dZ-aniide was irradiated with dextro- 
circularly polarized light, and the product was distinctly (Ze.rZro-rotatory 
(-|-0.78°). Irradiation with Z(W-circularly polarized light gave a levo- 
rotatory product (—1.04°). Hence, it se(ms to be possible to effect an 
asymmetric decomposition by means of d- and Z-circularly polarized 
light, although the products of the decomposition were not isolated or 
identified. Calculations also showed that only one molecule of the 
amide was decomposed per quantum of light absorbed. IMitchell has 
also effect'd a similar asymmetric photochemical decomposition of 
humulene nitro.site, C 15 H 24 N 2 O 3 , by d- and Z-circularly polarized red 
light. 

The rate at which certain sugam undergo mutarotation has been 

Cotton, A)in, chim, phys.y [7] 8, 347 (1890). 

Kuhn and Braun, Naturwissenschafien, 17, 227 (1929). 

Kuhn and Knopf, ibid.y 18, 183 (1930) ; Z. physik. Chcm,y 7B, 292 (1930). 

Mitchell, J, Chem. Soc.y 1829 (1930). 
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mine atoms at this wavelength has l)e(m shown by Mecke.®® HcncCj 
conditions wore favorable for a reaction between activated bromine 
atoms and acti%mted trinitrostilbeno molecules which led to an opti- 
cally active dibromotrinitrostilbene (Fig. 38). The rotations observed 
were low, but beyond expei'imental error. In benzene as the solvent a — 
0.023°; in carbon tetrachloride, a = 0.021°; in acetic acid, a — 0.022°; 
in nitrobenzene, a = 0.040°. The activity was exhibited only after 
partial reaction had taken place at th(5 ('iid of a certain optimum time in- 
terval. After complete reaction, the products w(>re optically inactive. 
The same reaction mixtures showed no rotation under the influence of 
plane-polarized light, and exposure of the final product to d-circularly 
polarized light did not cause; any activity. 

The last two ('xamples of asymmetric syntheses cited are of especial 
value, since; the studies we-re; carrie-el out em wedl-known reactie)ns, and 
the products possesse-d definite structures. 

Since sunlight re'fle'cteel by the sea is partially elliptically polarized, 
an asymmetrical i)he)te)clie‘mical age'nt has bee;n available for agc*s which 
could start the' chain of asymme'tric syntheses of the; active compounds 
found in plants and animals. 


PART VI. OPTICAL ISOMERISM OF CYCLIC COMPOUNDS 

Compounds Containing Asymmetric Carbon Atoms in the Ring 

In number and characte-r, the eeptical isenne-rs of cyelic eornpounds 
with asymmetric carbeen atenns fonning parts of the ring are, in general, 
ejuite similar tee the corre'speeneling eepen-chain com]iounels. In mone)- 
cyclic compounds with three, four, anel five; carbon atoms in the ring the 
number of isomers fe)und agrees with the assum[)tion that these rings 
are planar and that the; groups attached to each carbon atom project 
above or below the plane of the ring. 

Althe)ugh rings of six carbons are probably not planar, the isomers 
observed in such molecule’s ce)nfe)rm to the number calculated on the 
basis of planarity of the ring. jMole'cule's with rings of more than six 
atoms have received almost no e’xpe'rimental stuely fremi the standpoint 
of stereoisomerism, but it seems likely that, even though they are non- 
planar, the number of ise)mers fe)rmed will agree, as in the six-memb('red 
ring ct)mpounds, with th(; numl)er expected from a planar ring. The 
principles just outlined apply equally well to saturated heterocyclic 
compounds. 

Ring compounds differ from open-chain compounds chiefly in that 


Mecke, Traris. Faraday 27, 359 (1931). 
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no free rotation between the ring atoms is possible and consequently cis- 
trans isomerism may exist as well as optical isomerism (p. 477). 

Three-Membered Rings. A cyclopropane with the general structure 
cf Fig. la contains only one asymmetric carbon atom (*) and hence 
exists in d- and Z-forms represented by Figs, la and 16. The carbon atom 



Mirror 

Fig. la Fig. lb 

marked with an asterisk is asymmetric, as may be seen by imagining the 
ring opened between the other two carbon atoms. 

The representation of the structure's of cyclic compounds by formulas 
such as those shown in Figs, la and lb is more conv('nient than using 
tetrahedra.* If two diffen'nt asynuTK'tric carbon atoms are present, as 
in Fig. 2, then four optical ivsomers are jiossible which constitute two 
racemic modifications. Figure 3 shows a molecule with thn'e different 



d d 

Fig. 2 Fig. 3 


asymmetric carbon atoms which may exist as eight optical isomers or 
four racemic modifications. 

If two like asymmetric carbon atoms are present then a meso and a 
racemic modification may exist. F'igure 4 represents the meso form, and 
Figs. 5 and 6 the racemic modification. The meso form is a cis-trans 
isomer of the racemic modification. 



* Models of the simple ryflic compounds may easily be constructed by cutting tri- 
angles» squares, etc., of cardlioard and inserting matches at the corners to represent the 
groups. 
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In cyclopropane derivatives with the following general structure 
(Figs. 7-10), carbon atom number 2 is pseudoasymmetric. Two meso 
forms exist shown by Figs. 7 and 8, and two active forms shown by Figs. 9 
and 10. These forms, Figs. 7, 8, 9, 10, parallel the forms of the chain 




meso2 



V J 

dl 


molecule represented by A-B-A. From the viewpoint of geometrical 
isomerism (p. 478) there are three' cis-trans isomers; one is n^presented 
by Fig. 7, one. by Fig. 8, and the third cis-trans isomer is the racemic 
modification compo.sc'd of eepial amounts of the d- and Z-forms repre- 
sented by Figs. 9 and 10. The two meso forms and the racemic modifi- 
cation are diastereoisomers of each other and, therefore, have different 
physical proj)erties and react at different rates with various reagents. 

Four-Membered Rings. The number and nature of the stereoiso- 
mers of cyclobutane and cyclopc'ntane derivatives can be deduced from 
considerations of the models of these ring compounds using the same 
general considerations cited above for the cyclopropane compounds. 

The following general formulas n'prc'sc'ut a summary of the isomers 
existing in cyclobutane d(wivatives substituU'd in the manner indicated 
(Figs. 11-22). 

Molecuk's of th(' type' shown in Fig. 22 are re'pn'sented by the five 
truxillic acids which are formed by the dimerization of Zrans-cinnamic 



1 ttZ-form 2 (//-forms 4 (//-forms 8 c/t-forms 

Fto. 1 1 P’lo. 12 Fio. 13 Fig. 14 
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a 



1 meso 
Fig. 15 


a 



4 r/Z-forms 
2 me no 
Fig. 17 



No optical isomers 
2 cis-trans forms 


Fig. 19 



1 meso 

Fig. 21 


a 



2 meno 

Fig. 16 


a 



No optical isomers 
4 cin4rnns forms 
Fig. 18 


a 



2 meno 
Fig. 20 



No optical isomers 
5 cinArann forms 
Fig. 22 


acid. Each of them is identical with its mirror image, although a- 
truxillic acid (Fig. 23), unlike the other four isoincirs, has no plane of 
symmetry. Its symmetry results from the fact that when, from any 
atom in the molecule, a line is drawn to the point P and extended an 
equal distance beyond, it meets an atom identical to the one at its 
origin. Any molecule possessing such a point, called a center of symmetry ^ 
is identical with its mirror image. 

Another unusual element of symmetry must be postulated for mole- 
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cules in which the b groups of Fig. 18 are present as enantiomorphic pairs. 
Figures 28-32a represent some (but not all) of the isomers possible for 
this case. 



a-form, m.p. 274° 
Fig. 23 


7 -form, m.p. 288° 
Fig. 24 


CO2H 


CO2IT 



--'hX 


^ 




vc.Hs 










nCOjU^ 

11 

s^H 


H 


pm-form, m.p. 266° 
Fig. 25 


rpi-form, m.p. 285° 
Fig. 26 



€-form, m.p. 189° 
Fig. 27 


Each of the compounds, Figs. 28 and 31, has a plane of symmetry. 
The compounds of Figs. 29 and 30 are asymnu'tric and together con- 
stitute a racemic pair. Although the compound of Fig. 32a possesses 



Fig. 31 Fia. 32o Fia. 32b 


none of the symmetry (dements previously described, nevertheless it is 
identical with its mirror image. Examination of its structure shows that, 
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when the groups below the plane of the ring are rotated 90° in a plane 
parallel to the plane of the ring, about an axis, XY perpendicular to the 
ring at the center, the mirror images of the respective groups appear 
above them as shown in Fig. 32b. Such an axis, XY has been termed an 
aUemating axis of symmetry — the term arising from the fact that enantio- 
morphic groups in the original molecule. Fig. 32o, alternate successively 
above and below the plane of the ring. The concept is limited to cyclic 
compounds with a perfectly symmetrical alternating distribution of 
groups around the ring. Thus P'ig. 32c contains an alternating axis of 
symmetry but Fig. 32d does not. Olefins may be regarded as two mem- 



Fia. 32c Fig. 32d Fig. 32c 


bered rings so that Fig. 32c has an alternating axis of symmetry but 
neither a plane nor a point of symmetry. 

Five-Membered Rings. The isomeric forms of substituted cyclopen- 
tanes indicate that the five (iarbon atoms of the ring are also in one plane. 

The furanose forms of the sugars (ionstitute important examples of 
heterocyclic fivc-membered rings (Figs. 33a, 33b). The y-lactones 
(Figs. 33c, 33d) are also important five-membered ring compounds. 



^-Gluconofuranose a-Glucoiiofuranose 

Fig. 33a Fig. 336 



■y-Gluconolactone f/-Erythronolactone 

Fig. 33c Fig. 33tZ 

Six-Membered Rings. The status of cyclohexane derivatives cannot 
be regarded as settled. The study of the c-luimical and physical proper- 
ties of rings containing six or more atoms has shown that such ring 
systems may not be planar. Examination of the isomeric forms of fused 
ring systems (p. 328), and construction of the models of such compounds, 
have shown that the carbon atoms in six or more membered rings unite 
in a manner involving the minimum deviation from the regular tetra- 
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hedral angle, ana nence, according to Sachse and Mohr, form “strainless 
rings” (p. 69). 

The models of cyclohexane indicate that two forms arc possible. These 
are the “boat or C-form” (Fig. 34 or 34a), and the “chair or Z-form” 
(Fig. 35 or 35a). However, no isomeric forms of cyclohexane or its 



Fia. 34a Fra. 36o 



Fra. 346. Fra. 34c. Fra. 34d. 


derivatives have been isolated with certainty up to the present time. 
It seems probable that there is an equilibrium between the two forms of 
such molecules and that the two structures vibrate from one to the other 
so rapidly that the net average result is a planar molecule. 

Stuart ^ has constructed atomic models w'hich represent the atoms 
in their relative sizes as deduced from x-ray data. They are so formed 
that, when appropriate atoms are linked together into a molecule, the 
relative interatomic distances are maintained in the structure. A photo- 
graph of the boat form of cyclohexane is shown in Fig. 34d. Benzene is 
shown in Fig. 34c for comparison. When attempts are made to build the 
chair form of cyclohexane the peculiar-appearing strainless model of 
Fig. 346 results. Although very useful and instructive, the Stuart models 
have been found in practice to represent the structures of molecules in 

^ Stuart, Z, phyaik. Chem., B27, 360 (1927). 
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more compact form than actually exists. Thus the conversion of the 
boat to the chair form of cyclohexane involves a much greater strain 
using these models than the chemical study of cyclohexane would lead 
one to believe. 

By mathematical analysis Brodetsky® believes the 2i-form of the 
methyl cyclohexane ring can give rise to two isomeric monosubstituted 
derivatives, while Henriquez * deduces one fixed Z-modification and an 
infinite number of mobile modifications of which the C-form is one. 

The existence of boat and chair isomers would be possible only if the 
substituents were of such nature as to cause the stabilization of the 
positions of the atoms constituting the ring. The only examples of siich 
a stabilization have been found among fused ring systems, which wilRbe 
discussed in the next section. The numerous attempts, on the otqer 
hand, to find substituents which will cause a fixation of the two forms '^n 
monocyclic compounds have failed to yield convincing results. 

In a monosubstituted cyclohexane, such as cyclohexanol, the boat 
form appears to exhibit position isomerism (Figs. 36, 38, 39), geometric 
isomerism (Figs. 36 and 37, 38 and 40, 39 and 41), and optical isomerism 



H OH 

Fig. 42 Fig. 43 

* Brodetaky, Proc. Leeds Phil. Lit. Soc., I, 370 (1929) ; Wightman, Chemistry <fc 
Industry, 88, 604 (1939). 

•Henriquez, Proc. Acad. Sci. Amsterdam, 37, 632 (1934). 
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(Figs. 38 and 39, 40 and 41). Actually, however, each of the forms 
36-41, inclusive, is convertible into the other without the necessity of 
passing through a strained configuration; rotation is as free in these 
forms of strainl(;ss rings as in an open-chain molecule. In the chair form, 
however, the structure is rigid, so that the two possible isomers (Figs. 
42 and 43) cannot be converted into each other without momentarily, 
at least, adopting a strained configuration. Moreover, the conversion 
of a chair to a boat form involves some degree of strain. In an attempt 
to isolate chair and boat isomers, Wightman ^ converted 1-carbomethoxy- 
cyclohexylformic acid (Fig. 44) into l-cai borne thoxy cyclohexylforma- 
mide (Fig. 45) by two methods, one involving the conversion of the 


A COOH 


COOCHj 

Fig. 44 



CONH2 


COOCH3 


Fig. 45 


carboxyl group of Fig. 44 to the amide and the other the conversion of 
the ester group to the amide and esterification of the carboxyl. Two 
compounds, bearing th(' same relationship to (‘ach othiir as do the cyclo- 
hexanols of Irigs. 42 and 43 or of Figs. 36 and 37, w’cre produced. The 
two proved to be idenlical, showing that such isomers, if they exist at all, 
must be present as an equilibrium mixture. 

A planar model of 4-methyl-l-carboxycyclohexylacetic acid (Fig. 
46) possesses two cis-trons isomers (Figs. 47 and 48). A strainless ring 
model has theoretically eight possible forms (Figs. 49-56) on the basis 
of one chair form and one boat form of cyclohexane.* 



Fig. 49 Fig. 60 Fig. 51 Fig. 52 



Fig. 53 Fig. 54 Fig. 55 Fig. 56 

* Wightman, J. Chem. Soc., 254.3 (1920). 

* The student should satisfy himself on these points by a study of the models. 
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M. Quadrat-I-Khuda ^ reported four isomers of the compound shown 
in Fig. 46, but Golds(;hmidt ® found that two of the isomers reported by 
Khuda were merely molecular compounds of the othc^r two. Miller and 
Adams ^ obtaincid further evidence from a study of 4, 4-dimethyl- 1-car- 
boxy cyclohexylacetic add and 4,4-dimethylcyclohexyl-l,l-diacetic acid 
that isomers of this type do not exist. 

Vogel ® has reported having obtained methylcyclohexanes in C- and 
Z-forms dt^pending on the mode of preparation. From pure 2-, 3-, or 4- 
methylcyclohexanones, by Clemmensen reduction, he obtained a single 
stable methylcyclohexane 0.7693, njy 1.42316) idc^ntical with that 
resulting from the dehydration of 2-methyl cyclohexanol followed by 
reduction. However, the methylcy(4oh(^xane prepared by a modified 
Wolff-Kishner reduction of the pure 2- and 4-cyclohexanone semic^ir- 
bazones had the following coiistanls, ^4^ 0.7076, 7?^ 1.42311, and upbn 
standing several days or more rai>idly upon waiming changed to a 
product with constants 0.7695, 1.42326. Vogel interpreted these 

results as isolation of an unst able and a stable form of im^thylcyclohexane 
representing C- and Z-modifications. The ac(*(^i)tance of these conclu- 
sions must await confirmation and further exi)erimentation. 

Up to the present, therefore, no conclusive evidence is available to 
suggest the calculation of the number of isomers of a monocyclic ring 
system with six atoms except on the basis of a planar ring. Thus, the same 
conditions obtain as in tlu^ three-, four-, or five-membered I’ing com- 
pounds and th(^ number of isomers is dependent on the number of asym- 
metric carbon atoms prt‘sent. If the asymmetric carbon atoms are all 
different from each otlu'r th(' numb(T of isomers is equal to 2^* (where n = 
number of a.symmetric carbon atoms). 

Limonene is an example of a compound with one as^unmetric carbon 
atom. It exists in a d- and an /-form. Figs. 57 and 58. 
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Fig. 58 


The racemic modification is known as dipentene. 

Hexahydro-o-toluic acid (Fig. 59) is an example of a cyclohexane 
derivative with two different asymmetric carbon atoms. It, therefore, 

® Quadrat-I-Khiida, J. hidian Chem. Soc., 8 , 277 (1931); N(iture, 132 , 110 (1033;; 
136 , 301 (1935). 

•Goldschmidt and Grofinger, Her., 69 , 279 (1935). 

’’ Miller and Adams, J. Am.. Chem. Soc., 58 , 787, 2059 (19.30). 

• Cowan, Jeffery, and Vogel, J. Chem. Soc., 1802 (1939) ; see, also, Vogel, ilnd., 333 
1758 (1934) ; 1323 (1938). 
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exists in two racemic modifications. The same number of racemic forms 
exists for hexahydro-w-toluic acid (Fig. GO), but the pora compound 
(Fig. 61) does not possess any optical isomers, since this molecule has 
no asymmetry. It does exist in two geometric forms. 
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The hexahydrophthalic acids illustrate cyclic compounds with two 
similar asymmetric carbon atoms. Figure 62 represents the meso or cis 



i 1 

COiU CO2II 
Fig. 02 

nu\s() or ( is 


form, and Figs. 63 and 64 the d- and Z-forms of t he racemic modification 
which is trails. 
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Hexahydroisophthalic acid (Fig. 65) also exists in rmso and racemic 
modifications. The isomerism of these compounds hence parallels that 
of tartaric acid (p. 232). Hexahydroterephthalic acid (Fig. 66) possesses 



COjH 


Fig. 65 Fig. 66 

\ 

no asymmetric carbon atoms and a plane of symmetry, and hence dcies 
not have any opt,ical isomers. 

Menthol is an example of a cyclic compound with three different 
asymmetric carbon atoms (Fig. 67). Eight optical isomers are possibk;, 

CHs 

i 

*CIT 
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CH2 CH2 

I u 

CII 2 (’HOH 

\ / 

*CH 

I 

ClI 

/ \ 

CII 3 CTIs 

Fig. 67 

existing as four racemic modifications. The common form, Z-menthol 
([«]d —54.75°), is the chief constituent of oil of iieppcrminl. 

The normal or pyranose forms of the sugars constitute important 
examples of heterocyclic six-niembered rings containing five difft'rent 
asymmetric carbon atoms. Figures 68 and 69 represent the formulas 
of a- and j8-glueose. These two forms are diastereoisomcrs. Since 
there are five different asymmetric carbon atoms in the glucopyranose 
ring, a total of thirty-two optical isomers which constitute sixteen race- 
mic modifications is possible. 

The substituted dikctopiperazines illustrate another type of six- 
membered heterocyclic ring. Alanyl anhydride or 2,5-dimethyldike- 
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topiperazine contains two like asymmetric carbon atoms and hence 
exists in an inactive or meso form, and two optically active forms con- 
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Fig. 68 


OH H 



H CII 2 OH 
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stituting a racemic modification. Figure 70 represents the meso or 
inactive form, and Figs. 71 and 72 the mirror images of the racemic 
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dl 

modification. Examination of these three structures shows that none 
of them possess(is a plane of symmetry. Construction of the mirror image 
of the model of Fig. 70, in which the methyl groups are in the trans 
position, however, shows that the mirror image is identical with the 
original. 

The molecule shown in Fig. 70 constitutes another example of a 
compound with a center of symmetry (p. 318). The molecukis shown in 
Figs. 71 and 72 do not possess such a center of symmetry. 

Many-Membered Rings. Substituted rings containing more than six 
members have received little attention from the viewpoint of stereochem- 
istry. Evidence favors the conclusion that the same number of optical 
isomers will exist as may l)e calculated on the basis of a planar ring. 

An interesting experiment was performed in an attempt to resolve 
the semicarbazide of cyclononanone. The Stuart models represent this 
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molecule as so compact that the mirror images are not interconvertible. 
The resolution failed,® however. 

Fused Ring Systems 

For convenience in discussion and determination of the number of 
isomers, compounds containing fused rings may be classified into the 
following groups. 

1. Alicyclic compounds in which the rings are fused tlirough adjacent 

atoms. I 

(a) 'Two five- (or more) memhered rings fuscid through adjacent atoi^s. 

(b) Three five- or six-memlxtred rings fused through adjacent atoips. 
(e) Two rings fused through adjacent atoms, one ring of which is 

highly strained (contains three or four atoins). 

(d) Molecules containing several rings fus(?d through adjacemt atoms. 

2. Alicyclic compounds containing five- or .six-mem Ix'red rings fused through 
non-adjacent atoms. 

3. Fused systems containing rings of more than six members. 

4. Molecules containing more than two fused rings. 

Group la. The same rules which are used to determine the number 
of isomers in monocyclic compounds applj’ to substances in group la. 
Thus, 3,3,0-bicyclooctane (Fig. 73) which has no a.symmelric car- 
bons exists in a cis form (Fig. 74) and a (raiis form (Fig. 7.0); hex- 
ahydrohydrindane (Fig. 76) which pos.s(‘ss(>s two .similar a.sjunmetric 
carbons exists in a rneso-dfi (Fig. 77) and a rac(‘mio-<rans form (h'ig. 78); 
methylhexahydrohydrindane (Fig. 79), which possesses two diff(>rent 
asymmetric carbon atoms, exi.sts in a racemic-rf.s' (Fig. 80) and a 
racemic-<rans form (Fig. 81); and decalin (Fig. 82) with no asymmc'tric 
carbon atoms exists in a cis (Fig. 83) and a trans form (Fig. 84). 

The existence of the trans isomers of theses substances affords the 
most conclusive evidence for the strainless configuration of rings con- 
taining five or more atoms. These structures follow logically the use of 
the tetrahedral carbon atoms in their construction. They are discussed 
in some detail elsewhere (p. 484). 

Optical isomc'rism is found only in the trans form of hexahydrohydrin- 
dane (Fig. 78) and in the cis and trans forms of mcd.hylhexahydrohydrin- 
dane (Figs. 80 and 81) as it is only these forms which possess non- 
superimposablc mirror images. 

® Marvel and Glass, J, Am, Chern. Soc., 60 , 1051 (1938). 
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Fig. 82 Fig. 83 Fig. 84 


The decahydro-a- and -j3-naj)hlhol.s (Figs. 85and 8G) and decahydro-/3- 
naphthylamine (Fig. 87) constitute examples of fused slrainless ring.s 
pos.se.s.sing three asymmidrie carbon atoms (mark(^d *). Each of these 
compounds may ('xist in (‘ight optically active isomers (2^) which con- 
stitute four racemic modifications, all of which have been isolated. 

II OH 

-+^915^011 

Fig. 85 Fig. 8G Fig. 87 

In view of the fact that molecules containing two fused rings of the 
type just discussi'd arc of very common occurrence, a generalization 
concerning the possible number of isomers is desirable. It is assumed in 
these generalizations that no asymmetry is present in either ring which 
would necessarily increase the number of possible isomers. 



330 


ORGANIC CHEMISTRY 


A compound containing two similar unsubstituted rings of five or 
more members, fused through two adjacent atoms, may exist in two 
geometric forms, a cis and trans, both of which will be inactive and 
incapable of resolution owing to the absence of asymmetry in the 
moh^cules. 

If the two similar rings are substituted either on the fusion atoms or 
in the rings and the substituents are so placed that neither of the two 
fusion carbon atoms is asymmetric the cis and trans forms will also be 
inactive and incapable of resolution. 

If the substituents are so placed that the two fusion atoms are asym- 
metric and identical, the cis and the trans forms may be either meso or 
racemic, depending upon the positions of the substitu(mts. Such 
examples arc shown in Figs. 88 and 89. The trans form of Fig. 88 is 
meso) that of Fig. 89 is racemic. 



Fig. 88 


Fig. 89 


If the substituents are so placed that the two fusion atoms are 
asymmetric and not identical, both the cis and trans forms will be 
racemic. 

A compound containing two unsubstituted rings, each of a different 
size and each of five members or more, fused through adjacent atoms 
may exist in cis and trans forms; the fusion atoms will be asymmetric 
and identical, and consequently the cis form will be meso and the trans 
form racemic. The introduction of substituents in the molecule, either 
on the fusion atoms or in the rings, may also lead to fusion atoms which 
are asymmetric and identical and result in cis-meso and <rarts-ra comic 
forms. If, however, the substituents are so placed as to cause the 
fusion atoms to be asymmetric and not identical, both the cis and trans 
forms will be racemic. 

Group lb. If three five- or szx-membered rings are fused through the 
same two adjacent carbon atoms, a rigid structure results as shown in 
Fig. 90. 

No cis and trans isomers can exist since interchange of two of the 
linkages at each of the fusion carbon atoms would involve impossible 
strains. In the existing form shown, optical isomerism may occur only 
when each of the three rings is different from the others since only in 
such molecules are the elements of symmetry absent. 
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Group Ic. In a mok^culo. with two rings fusod through two adjacent 
carbon atoms, one ring of which is highly strained as in three- or four- 
memhered rings, only one geom('tric form is found. Thus, in cyclo- 
hexene. oxide (Fig. 91), a six-memlx'red cyclohexane ring and a three- 
iiH'mbered ethylene oxide ring are fused together. As th(i two hydro- 
gens are on one side of the six-memb('red ring and the oxygen on th(; 
other. Fig. 91 represents a cis modification which is meno. The hypo- 
thetical irons form is shown in Fig. 92. The hydrogens on opposite 




Fig. 5)1 


Fig. 92 


sides of the six-membered ring necessitate a linking of the valencies of 
the oxygen atom through irons positions. This structure involves such 
a tremendous strain that this isomer cannot exist. Hence, only one 
form of cyclohexene oxide is knowm, the cis or rneso form. 

If the restraining effect of either of the rings is removed by opening 
th('m, the normal number of forms is obtain('d. For example, the glycol, 
I’ig. 93, ('xists in a meso or cis form and a irons or racemic modification. 
2-Chlorocyclohexanol (Fig. 94) may exist in four optically active forms 
composed of two racemic modifications, but treatment with alkali yields 
only one inactive cyclohexene oxide. These examples illustrate the 
freedom conferred on the groups by the removal of the threo-membered 
ethylene oxide ring. 

Removal of the cyclohexane ring leads to ethylene oxide which, of 
course, cannot exist in stcreoisomeric forms, but its carboxylic acid 
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derivatives can. Thus Fig. 95 represents the meso form and Fig. 96 the 
trans or racemic modification of ethylene oxide dicarboxylic acid. Both 
forms are known. The meso and racemic forms of 2,3-epoxybutane have 
also been obtained. 



Fig. 93 



Fig. 94 
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For tho present discussion n cyclic molecule containing a double bond 
in the ring may b(' considei'ed a lypci of double ring system fused or^ 
adjacent carbons, one ring of which merely has two atoms. As a result) 
of the pn'vious considerations the same situation should obtain as in' 
fused ring molecules containing one highly strained ring. Existence of 
a single geometric form, a efs modification, would be expected; thus 
cyclohexene or cycloj)entene may be citc'd as exam})les, each of which 
has been isolated in a single form only. The oh'finic ring must be; of 
sufficient size (p. 336) to allow the irans modifi(;alion of tin? olefin to b(! 
formed without appreciable strain before both geoimdric isomers may 
be anticipated. No such compounds have* b(‘en obtaiiu'd ('xiMuimentally. 

Group Id. When several rings are present in a molecule, each fused 
to the next oik; through two adjacemt atoms, th(' stereo(diemistry of each 
individual substance must be considered indt'pendently. The strains in 
compounds of this kind will be contingent uj)on the fashion in which the 
rings are fused. Actually the number of Isomers which can exist w'ill 
usually be much smaller than that calculated on the basis of th(‘ asym- 
metric carbon atoms present. Thus, dihydrocholesterol (Fig. 97) n‘pr(>- 



sents a fused system of rings. Inspection of the formula shows the pres- 
ence of nine asymmetric carbon atoms, six of which are fusion atoms. 
The theoretical number of possible optical isomers is 512, but only a 
small fraction of these may actually be constructed without strains 
greater than are ordinarily found in organic molecules. The bile acids, 
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the sex hormones, the various reduced sterols, and their derivatives (p. 
1341) constitute important examples of fused ring systems. 

Group 2. The fusion of two slrainless five- or six-membered rings 
through non-adjacent atoms also leads to a rigid structure which docs not 
permit the formation of all the isomers calculated on the. basis of the 
number of asymmetric carbon atoms. The stereochemistry of such com- 
pounds can best be understood by consideration of specific ('xamples. 

The structural formula of camphor has been shown to be that of 
Fig. 98. Examination of the formula shows that carbon atoms 1 and 
4 are attached to four difTerent groups and lK'nc('. asjmiraetric. The 
presence of tw(j different asymmetric carbon atoms would normally lead 
to the pn'diction of four optical isomers. Howevc'r, construction of this 
molecuh; using tetralu'dral carbon atoms revc^als tlu' fact that only one; 
arrangement of the rings about the fusion carbon atoms is accompanied 
with essentially no strain. The other form in which two bonds on each of 
the fusion carbon atoms are int('r(hanged would imposes an impossible 
strain upon the rings, (-ainphor, therefore, exists in only a d- and l- 
modification. Schematic projections of th(' space model ar<^ represented 
in Figs. 99 and 100. Jioth forms oc.(:ixr naturally, and an equimolecular 
mixture of the tw'o constitutes d/-camphor. 


;C=0 



Fia. 98 



Reduction of the keto group of camphor to the secondary alcohol 
group generates a new asymmetric carbon atom (Number 2) (Fig. 101). 
Since this carbon atom may give rise to d- and Z-forms a total of four 
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optically active forms should exist, as in fact they do. Both d- and l- 
borneol, and d- and i-isoborneol are known. 

Complete reduction of camphor or the borneols leads to camphane 
(Fig. 102), which cannot exist in optically active isomeric forms since it 
possesses a plane of symmetry. 

Cocaine is another molecule of this sort. It is a naturally occurring 
alkaloid whose structure is represented in Fig. 103. Two asymmetric 
carbons, numbers 2 and 6, are involved in the rigid fusion of the pyrroli- 
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dine and piperidine rings and conseciuently lead to a single geometric 
form, which is racemic. With two additional asymmetric carbons pn'sent 
2 8 or 8 active forms constituting four racemic modifications may be 
expected. 

Two six-membered rings may be fused through adjac('nt atoms, 
through atoms with one carbon atom between, or through atoms sepa- 
rated from each other by two carbon atoms as shown in Fig. 104. 



Fig. 104 


Substances in this group are no different from those previously 
described. Only one geometric form is possible on account of the strain 
involved in the isomer. Since the molecule in Fig. 104 is symmetrical, 
it is obvious that no optical isomerism can exist. This condition still 
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holds if the fusion carbon atoms 1 and 4 hold different groups or if one 
of the rings is made different from the others by substitution, for ex- 
ample, of two methyl groups in the 2-position. Only if each ring differs 
from the other two is symmetry destroyed and optical isomerism becomes 
possible. This may be illustrated by a molecule in which two methyls 
are substituted on carbon 2 or 3 and two ethyls on carbon 5 or 6. 

An important specific example of this type, of fused ring system is the 
substituted (juinuclidine nucleus which occurs in (juinine and cinchonine 
(p. 1202). Inspection of the structure of quinine (Fig. 105) shows the 




// \. 

CHz CH2 ClI— CH=CH2 



presence of a bicyclic nucleus similar to that of Fig. 104 in which one of 
the fusion carbon atoms has been replaced by nitrogen. This causes the 
same typ(' of rigidity in the moh'cule and eliminates the trans form. 
As a conseciuence, this fused ring system in conjuction with three other 
asymiiKdrie carbon atoms makes })o.ssi):)le the existence of 2^ or 16 
optical isomers of which the naturally occurring alkaloid is one. 

Various combinations of five- and six-membered rings are obviously 
possibles All molecules of this type exist in only one geometric form, and 
the presence of optical isomerism in this form will d(!pend upon whether 
the molecule has elements of symmetry. 

Group 3. The molecules discussed in groups 16, Ic, Id, and 2 have 
been limited to saturated rings of five and six members. If double 
bonds are introduced into the ring systems in groups la, 6, c, d, and 2 the 
strains may be considerably modified and the number of isomers may 
be less than it would otherwise be. This is especially true in compli- 
cated molecules with several fused rings. 

It has been clearly demonstrated (!xperimentally that five- and six- 
membered rings with allene or acetylene linkages cannot be prepared. On 
the other hand, a seven-membered ring containing an allene linkage 

Favorsky, Bull, soc. chim., [5] 3, 1727 (193C^ 
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has been reported (Fig. 106) and a fifteen- and a seventeen-membered 
ring containing an acetylene linkage (Fig. 107). This suggests that, in 
all probability, in fused ring systems, both cis and trans isomers may be 
anticipated provided that one or both rings are of such size that inter- 
change of linkages at the fusion carbon atoms may occur without serious 
strain (Figs. 108 and 109). The niunber of geometric and optical isomers 





will then be coincident with that calculated on 1,h(^ basis of strainless 
models. These predictions have not been tt'sted exj)erimentally. 

Group 4. Many natural and synthetic compounds contain more 
than two fused rings. The geiK'ral principle's of stereoisomerism involve^d 
in th(!se systems are the sanu; as those in molecules with two fused 
rings. However, each additional ring fused to the niok^cule modifies 
to a certain extent the individual strains in each ring. Although theo- 
retical considerations make possible a large' number of stereoisomers in 
such complex molecules, actually very few forms exist. The limited 
number is probably due to the strains involved in tlu'. formation of such 
isomers. 

PART Vn. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING NO 
INDIVIDUAL ASYMMETRIC ATOMS 

As mentioned in the? oix'ning sect ie)ns, an asymmetric atom is only 
one source of asymmetry in molecules. Sf?veral types of molecules are 
known whose asymmetry is due' to their structure as a whole. Specific 
examples of eiach type will b(' considered in f)rder to illustrate the nature 
of the asjTnrnetry of such me)lecules. 

Inositol Type. Inositol is he'xahydroxycyclohcxane. It occurs in 
plants as a hexaphospheeric ester known as phytin. 

There; are eight possible geometrical isomers of inositol, but only one 
of these isomers has a mirror image which is non-supcrimposabl('. The 
two enantiomorphs arc shown in Fig. 8 and the other geometrical 
isomers in Figs. 1 to 7. 

Ruzicka, Hurbin, and Bockenoogen, Ilelv. Chim. Acta, 16 , 498 (1933). 
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None of the three elements of symmetry previously discussed is 
present in the form, Fig. 8. Both the d- and Worms ([a]D db 65°) of 
inositol were described by Mohr ’ in 1903. The structures of the remain- 
ing isomers have not been cstablish(*d with cca tainty.'* 
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Fig. 1 


1 plane of 
symmetry 
Fig. 2 



1 plane of 
symmetry 
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2 planes of 1 ])lane of symmetry 3 planes of symmetry 

symmetry Center of symmetry Center of symmetry 

Fig. 5 Fig, 6 Fig. 7 



Allenes. In his discussion of the spatial distribution of the valence 
forces al)out the carbon atom, vaii’t Hoff ^ in 1875 pointed out that an 

^ Mohr, J, prakt. Chern., [2] 68 , 3(i9 (1903), 

^ Posternak and Posternak, Ilelv, Chhn. Acta, 12 , 11()5 (1929). 

® van’l Hoff, “Die I^agemng dcr Atomc im Rauin,” Vieweg und Sohn, Braunschweig 
(1908). 
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allene of the formula shown in Fig. 9 should be capable of existing in the 
optically isomeric forms shown in Figs. 10 and 11 if the carbon atom 
possesses a tetrahedral configuration. Examination of the models of 
Figs. 10 and 11 shows that they possess no plane of symmetry. The 
groups ab and cd do not lie in the same plane, and the structures of 
Figs. 10 and 11 are non-superimposable mirror images. 



Somewhat later it was pointed out that any allene with two different 
groups on each of the terminal carbon atoms should be capable of ('xisting 
in optically isomc'ric forms, Figs. 12, 13, and 14. It is not necessary that 
four different groups be present as in Fig. 9. 



Following these theoretical predictions numerous attempts were 
made to prepare allenes containing groups which not only would fulfill 
the necessary stereochemical requirements but also would contain 
reactive groups permitting resolution. 

It was not until 1935, sixty years after van’t Hoff’s prediction, that 
experimental verification was secured. Mills and Maitland ^ in 1935 
accomplished a catalytic asymmetric dehydration of the alcohol shown 
in Fig. 15 by means of the optically active camphorsulfonic acids. 

C,H5v /Cells Celle. /Celle 

>C=CH~C< — \C--C--C< + HaO 

(alCioH,/ I ^CioH:(a) (a)C,oH,/ \C,„Ha(a) 

OH 

Fig. 15 Fig. 16 

When the dehydration was carried out with an optically inactive 
catalyst the racemic form (m.p. 244°) of the allene in Fig. 16 resulted 

* MUls and Maitland, Nature, 136, 994 (1935) ; /. Vhem. Soc., 987 (1936). 
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When the alcohol of Fig. 15 was boiled with a 1 per cent benzene solu- 
tion of d-camphor-lO-sulfonic acid an optically active allcne was obtained 
which had a rotation of [a] 546 i + 437°. Similarly treatment of the 
alcohol with i-camphor-lO-sulfonic acid gave the ^('ao-rotatory allcne 
[«] 54 fii ~ 438°. The optically active isomcirs m{'lted at 159°. Wh(m 
mixed and crystallized from a solvent th(; resulting racemic compound 
melted at 244°. Mills and Maitland proved by scweral methods that 
th(! products obtained by dehydration of the alcohol of Fig. 15 were 
allenes and not substitut(id indenes. 

Kohler, Walker, and Tishka- ® completc'd the first actual resolution of 
the racemic form of an allenc. In 1910 Lapworth and Wechsler ® pre- 
p.ared the allenic acid shown in Fig. 1 7. Kohka- and his students repeated 
this synthesis and established the stnudure of the allenic acid by showing 
that it absorbed four atoms of hydrogem and that ozonization produced 
bcnzoylforraic acid and phcaiyl a-naphthyl ketone. They wen; unable to 
r(^solve it, however; but the glycolic acid ester (Fig. 18) was prepared. 


C'Oall 

I 

Con6C=c=f' 

Fiu. 17 


CfilTs 

'Cioll7(a) 


C’OCl 

1 

C6H6C=C=(^ 


Cells 



and fractional crystallization of the brucine salts (iffected a resolution of 
this rnoka-uk'. Decomijosition of the diastert^oisomeric brucine salt? 
gave the d- and /-forms of the acid. Fig. 18. The d-form mcilted at 145- 
140° and had a specific rotation in ethyl acetate of -|-29.5°. The Worm 
melted at 144-146° and had a rotation of -28.4°. An equimolar mix- 
ture of d- and Woi-ms produced a racM'mic compound melting at 195° 
which was identical with the original racc-mic modification of Fig. 18. 
Hydrt)lysis of the active form of the compound shown in Fig. 18 yielded 
an active compound corresponding to Fig. 17 whi(!h was not isolated in 
ci-ystallin(! form but which gave optically active crystalline esters.’ These 
investigations by Kohler leave no doubt as to the correctness of van t 

^ Kohler, Walker, and Tishler, J. Am. Chem. Soc.^ 67, 1743 (1935). 

® Lapworth and Wechsler, J. Chem. Soc.j 97, 38 (1910). 

^ Kohler and Whitchcr, J. Am. Chem. Soc.^ 62, 1489 (1940). 
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Hoff’s prediction and constitute further evidence in favor of the tetra- 
hedral cai'bon atom. 

Molecules not far different from allenes in their general stnicture may 
be illustrated by 4-methylcyclohexylideneacetic acid (Fig. 19), which 


CH3. 

H- 


/CH 2 — CH2\ /II 

C< 

^CHa— CH 2 / X:02H 

Fig. 19 


was resolved by Pope, Perkin, and Wallach ® in 1909. In this molecule 
one of the double bonds of th<! allcnc sti nctim; has been r(^pla(;cd by a si)c- 
membered ring. The methyl and hydrogem on carbon atom 4 lie iny 
plane perpendicular to the planer (containing th(! carboxyl group and 
adjac(!nt hydrogen (Fig. 20). The molecuUc has none of the elements of 
symmetry, and its mirror image is non-superimposable. 



Spiranes. If both double bonds of an allenc are replaced by rings, 
spiranes result (Figs. 21, 22, 23, and 24). Ck)nstruction of the models 
of these molecules shows that tlxc planes of tlxc rings are perpendicular 
to each other. In 1902 Aschan ® pointed out that proiwnly substituted 


<1 


Fig. 21 


Fig. 22 


Fig. 23 


i'lG. 24 


8 Pope. Perkin, and Wallach, Ana., 371 . 180 (1909) ; Chem. Soc., 96 , 1789 (1909) 
Perkin and Pope, ibid., 99 , 1510 (1911). 

« Aschan. Ber., 36 , 3389 (1902). 
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spiranes are asymmetric molecules and hence should be capable of reso- 
lution. 

No optically active forms of substitutc'd spirocyclopentanes (Fig. 21) 
aie known. The substituted spirocyclohcptane shown in Fig. 25 was 


HaNx 


H 




CII^ 


.ClI 


2\ 


>C< >c<( >c< 

^CIl2/ 


NHj 

II 


Eia. 25 


resolved in 1932 by Jansen and Pope by means of d- and Z-camphor- 
10-s\ilfonic acids. 

The dilacitone, Fig. 2G, was resolved by Mills and Nodder in 1920. 


/CO— O 






-CO2H 


/ 

CO 


o 

Fig. 20 


Shortly afterwards Leuchs resolved 6is-dihydrocarbostyril-3,3'- 
si)irane-6,6'-disulfoni(; acid (Fig. 27) by means of quinine. Radulescu 
resolved the related spirane, Fig. 28. 


IIO 3 S- 



Fia. 27 


-SO 3 H 



Fig. 28 


Boeseken obtained evidence indicating the probability of optically 

Janson and Pope, Chmistry d* Industry, 51, 31 G (1932). 

Mills and Nodder, J, Chem. Soc., 117, 1407 (1920). 

1* Leuchs, Conrad, and v. Katiiiszky, Ber., 55, 2131 (1922). 

1^ Radulescu, Bui. soc. Stintc Cluj, 1, 30G (1922) ; [C/iem. Zentr., (II), 139 (1923)]. 

1^ Boeseken and Felix, Ber., 61, 1855 (1928). 



342 


ORGANIC CHEMISTRY 


active forms of the spirane (Fig. 29) produced by condensation of 
pentaerythritol with pyruvic acid. 

C(Cn20H)4 + 2 CH 3 COCO 2 II 

HaC. /O— CIl2\ /Clli— CK /CHs 

>C<( >C< >C< + 2 H 2 O 

HO2C/ ^0—0112/ Vjl 2 ~ 0 / N3O2H 

Fig. 29 


Gibson and Levin recently resolved the closely related spirane 
shown in Fig. 30. j 


H2O3AS' 



/ 
H 


^o— ch2\^ /C 112— os^ y \As03H2 
^O-CIIo/ ^CH2~0/ 


''II 


Fig. 30 


In all the spirancs thus far discussed only one racemic modification 
is possible. The geni'ral formulas for the optical isomers of such com- 
pounds may be represented by Figs. 31 and 32. 

If other asymmetric aroms are present then the number of isomers is 
increased. Thus, in the compound shown in Fig. 33 there are two 
asymmi'tric carl)on atoms (marked *) in addition to (he siiirane atom. 




t/t-Modification 
11 H 

BrCIl2-A:— CIl2\ /Clla— C— CHeBr 

1 X 1 

0 CO/ \CO 0 

Fig. 33 


Such a molecule may exist in six optically active forms which consti- 
tute three racemic modifications. Leuchs actually obtained three 
racemic forms of the compound of Fig. 33. Sutter and Wijkman ’’ 

Gibson and Levin, Proc. Roy. Soc. (London), A141, 494 (1933), 
w Leuchs, Ber., 65, 2131 (1922). 

Sutter and Wijkman, Ann., 619, 97 (1935). 
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also prepared the three racemic modifications of the dilactone, Fig. 
34. 
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CIIs— C— CH2V /CHi— C— CHj 


CO- 
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Substituted Biphenyls and Other Compounds Exhibiting Restricted 
Rotation. A fourth general type of molecules containing no individual 
asymmetric atoms consists of certain substituted biphenyls and related 
compounds. Since this field is so extensive and since it involves the new 
concept of restricted rotation, Part VIII of this chapter is devoted to a 
detailed discussion of this type of isomerism. 


PART Vni. ASYMMETRIC MOLECULES WITH RESTRICTED ROTATION 

ABOUT SINGLE BONDS 

Introduction 

Examination of the models of the three types of asymmetric mole- 
cules containing no individual asymmetric atoms (inositol, spiranes, and 
allcnes, p. 336 ff.) shows that these molecules owe their asymmetry fun- 
damentally to the concept of the tetrahedral carbon atom. However, a 
fourth group of such asymmetric molecules is known, the structure 
of which is characterized by an additional concept, that of restricted 
rotation about a single bond. This new concept of restricted rotation, 
together with a few additional principles, constitutes the fundamental 
basis for the stereoisomerism of the derivatives of biphenyl and their 
analogs. 

Fundamental Assumptions 

In a general consideration of asymmetric molecules with restricted 
rotation about a single bond, the structural factors involved may best 
be understood by selecting two univalent radicals R — and R' — which 
may be the same or different. Each of these must possess a plane of 
symmetry, dtjnoted by S and S', which obviously must include the free 
valences, denoted by P and P'. A plane of symmetry is a necessity in the 
radicals so that asymmetry in the molecule produced by combining the 
two radicals cannot be assigned to the particular structure of any com- 
ponent part of the molecule. Such radicals, moreover, must possess 
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only one plane of symmetry. For example, the tetrahedral radical 
— C — a shown in I would fulfill this condition, but — C — a would not. 
The latter has three planes of symmetry each drawn through the free 



valence and one of the a’s. Provided that the single plane of symmetry is 
assumed, the radicals may possess any kind of gcoiiK'tric structure, and 
these may be illustrated by specific examples in II and III. If these 

R R' 




two radicals are joined by their free valences, a “pivot bond” between 
them is formed (IV) and the two atoms to which the pivot bond is at- 
tached may be called pivot atoms. Assuming that this union occurs 
without distortion of the radicals, the pivot bond lies in both planes S 
and S' regardless of their positions relative to each other. If the radicals 
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are free to rotate about the pivot bond, the planes S and S' at some phase 
in the rotation become coplanar as shown in IV. Hence the molecule 



iv 


has a plane of symmetry and ther(*forc cannot exist in enantiomorphic 
forms. 

On the other hand, if frcie rotation of the radicals about the pivot 
bond is restricted so that *S' and S' cannot become coi)lanar, then a struc- 
ture such as that shown in V results. The plane S may bo assumed to 
be in the plane of the paper and S' at any angle to the paper. A mole- 
cule with this structure, owing to the restricted rotation about the 


Mirror 




pivot bond, has none of the elements of symmetry and hence its mirror 
image shown in VI is not identical with it. A careful scrutiny of V and 
VI indicates that these mirror images cannot be made to coincide with 
each other. This general concept of the existence of enantiomorphic 
forms emphasizes the two essential prerequisites for observance of 
optical isomerism in compounds of this type : (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
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radicals united by the pivot bond has one and only one plane of sym- 
metry. In molecules in which there are no sources of dissymmetry be- 
sides the pivot bond with restricted rotation, the only form of stereoiso- 
merism which can occur is enantiomorphism. 

The general statement assumes no particular structure for R — 
or R' — , nor does it refer the hindrance of rotation to any particular 
cause. It admits, however, as a special case, molecules such as biphenyls 
and their analogs in which P and P' are free vahmees attached to rather 
rigidly constructed planar rings. Thus, a substituted biphenyl of this 
type is shoAvn in VII and VIII. The rotation about the pivot |)ond 

Mirror i 

a a \ 


VII vin 

connecting the pivot or 1,1' carbon atoms is reslrieted by the presenc(5 
of the a and h groups in the oHho positions. The presence of the a and h 
groups in each ring eliminates all planc's of symmetry in each component 
radical except that which ('xtends through th(i plane of the ring in which 
o, h, and the pivot bond lie. 

The generalized form of theory just given does not attempt to fix the 
cause which accounts for the r(‘strict('d rotation. Nevertheh'ss, in every 
case of isomerism of this type now known, the experimental data are 
consistent with the assumption that the rest riction of rotation is due to 
interference between atoms or groups in close proximity to the pivot 
bond or bonds. Thus, in application to date the “restricted rotation” 
theory coincides with a more spi^cialized “interference theory” whi(;h 
not only assumes restricted rotation but assigns mechanical or other 
interference between portions of the molecule as th(^ cause of n'striction. 
This “interference theory” postulat-es a new variety of steric hindrance. 
The history of the new doctrine, however, has been wid('ly different from 
that of the old theory of steric hindrance. The main distinction between 
the two is that the new theory leads directly to predictions as to the 
number of isomers to be expected in given cases, whereas the old one 
could be applied only to dynamic phenomena such as rates of reaction. 

Wherever restricted rotation is due to such interference it is obvious 
that, in such molecules, the R and R' groups which are joined to form the 
molecule might equally well be asymmetric. Under these conditions, 
the restriction of rotation introduces a new center of asymmetry and 
thus makes theoretically possible additional stereoisomers over and 
above those present if free rotation is assumed. 
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Introduction to Optical Isomerism of Biphenyls ' 

The discovery of optical activity among biphenyl derivatives was 
due to a curious sequence of events arising out of Kauflcr's attempt to 
explain the fact that benzidine exhibited certain properties which did not 
appear normal for a bicyclic molecule with (ioplanar rings. In 1907 * 
he proposed for biphenyl derivatives the folded structure n'presented 
by IX. Extensive investigation during the succeeding fifteen years 
tended to support such an hypothesis, but much of the experimental 
work was later shown to be (irroncous. Subsequent studies of biphenyls 
entirely disproved the folded structure. It was during a research on this 
problem that Christie and Kenner,* in 1922, successfully resolved one 
of the dinitrodiphenic acids (X). These expcirimental results remained 



unchallenged and led to attempts in many different laboratories to re- 
solve various biphenyl (h'rivatives. It speedily becam(5 evident that 
some of them, such as those; in Series A, could easily be; resolved, whereas 
others, such as those in Scries B, resisted all attempts at resolution. 



OaNli^^COsH 
sCOJI 


NO2 





'Adams and Yuan, Chem. Rev., 12 , 262 (1933); Ilillemann, Angew. Chem., 60 , 435 
(1937.) 

“ Kaufler. Ann., 361 , 151 (1907) ; Ber., 40 , 3250 (1907). 

* Christie and Kenner, J. Chem. Soe., 121 , 614 (1922). 
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Experimental evidence favors a planar structure for a phenyl or 
substituted phenyl group. In biphenyl, it is commonly assumed that the 
two planar rings are coaxial. The term “coaxial” means that the pivot 
bond, when extended, passes through the two carbon atoms para to the 
pivot atoms. The diagrams for biphenyls are drawn in conformity with 
this assumption, but it must be remembered that this convention is 
purely arbitrary. 

If the two rings in biphenyl itself are thought of as coaxial and copla- 
nar, the molecule has a plane of symmetry (in which the pivot bond lies) 
perpendicular to the common plane of the two rings XI. In a com- 
pound of the type XII, however, the substituents are so distributed ^hat 



no plane of symmetry exists vertical to the rings; in other words, the 
reflection symmetry of each of the two rings with respect to this plane is 
destroyed. As Christie, and Ktainer * poinU'd out, if such a moleciulo 
as XII is twisted so that the rings, though remaining coaxial, are no 
longer coplanar, th(i moh'cule assumes a dissyrnnu'tric configuration 
and makes enantiomorphic forms (XIII) and (XIV) possible. 


a a a a 



XIII XIV XY 


Provided that the rings could be held permanently in the positions 
indicated in XIII and XIV, the enantiomorphic forms would be stable 
and the racemic modification of such a niolecule could be resolved. 
This pertinent suggestion is not sufficient, however, for it at once raises 
the question of free rotation about the pivot bond joining the two rings. 
The dissymmetry in the coaxial-noncoplanar phases of the substances 
(XIII) and (XIV) would be destroyed during the course of free rotation, 
for in the coplanar phase (XV) the mok^cule contains a plane, of sym- 
metry — the common plane of the two rings. That is to say, free rotation 
would cause a very rapid autoracemization of the optically active com- 
pounds XIII and XIV. In fact, it would effectively prevent resolution. 
Hence, if the rings of such molecules as those under consideration are sup- 
posed to be coaxial but permanently noncoplanar, there must be some 
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adequate cause to prevent the free rotation postulated by the classic 
theory. 

A probable source of this hindrance to free rotation was poinh^d out 
almost simultaneously by Turner and Le F^svre,^ Bell and Kenyon,® 
and Mills.® The hypothesis advanced in slightly different forms is 
that the effective size of these ortho substituents conditions the occur- 
rence of optical activity in biphenyl derivatives — provided that on 
each ring the substituents are introduced in such fashion as to leave the 
ring with no vertical plane of symmetry. If the ortho substituents are 
sufficiently large, they interfere with on(' another in the coplanar posi- 
tion, eith(!r by the mechanical or repulsive action of their fi('lds of force. 
Only in the noncoplanar positions is tlu'ni room enough for all of them. 
Therefore, complete rotation is prevented and optical resolution b(;comes 
possible. 

One immediately obvious merit of the theory is that it indicates a 
reason why the biphenyls mentioned m Series A, which have at least 
three non-hydrogen substituents in the four positions ortho to the 
pivot bond, have Ixicn obtained optically active', whereas those in Scri(!s 
B with two or less such substituents could not. be resolved. Two ortho 
substitiK'iits in one' ring hinder tlu' ortho substituent or substituents in 
the s('cond ring from passing, and iK'ncei prevent the two rings from l)e- 
coraing coplanar. No one of the coiniwunds in St'ries B is so constructed, 
although in most, of tlu'in ('ach ring has no vertical i)lan(' t)f symmetry and 
only a single' plane e)f symmetry coincielent with the' plane eff the rings. 

In eliscussing the e'xte'nsive results in the field of biphenyls and related 
ce)mpounels e)n the beisis e)f this interference the'ejry as a working hy- 
pothesis, certain of its consequenees may be ele'eluced. The deeiuctions 
will be grouped uneler two he'ads: (A) those whie;h apjfiy to molecules 
containing only one piveet bonel with re'stricte'el rotatie)n, and (B) those 
which apply to molecule's containing more tlian one pivot bond with re- 
stricted rotation. 

(A) Compounds Containing Only One Pivot Bond with Restricted 
Rotation. There is ne) reason why the phenome'na dljserveel in the earliest 
instances shoulel bo ce)nfineel te) simpler ele'iivative's of biphenyl. Sub- 
stituted binaphthyls, bipyrryls, bipyridjds, as well as mixed compounds 
like phenylnaphthalenes anel phenylpyridine's, shoulel act in similar fash- 
iein. Indeed, there* is no rease)n whv' e'ithe'r of the pivot atoms must be a 
ring member if the conelitions for dissymmetry and interference are ful- 
filled. Compounds have already been prepared where only one of the 

* Turner and Le Fevre, Cficrnistry d' Industry, 45 , 831, S83 (192(5). 

® Bell and Kenyon, ibid,, 46 , 8(54 (1926). 

« Mills, ibid., 45 , 884, 905 (1926). 
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pivot atoms is a ring member, but none has as yet been synthesized in 
which both pivot atoms are in non-ring structures. 

In the earlier experiments on derivatives of biphenyl it was assumed 
that a given number of substituents artlio to the pivot atoms must be 
other than hydrogen, but the fundamental hypothesis does not demand 
this. Optically active compounds in the bicyclic seric's containing 4, 3, 2, 
or 1 non-hydrogen substituents in the four positions ortho to the pivot 
bond have been obtained. In fact, a hypothcitical optically active mole- 
cule with no ortho non-hydrogen substituents can be written and will be 
discussed in the latter part of the section. 

The occurrence of enaniiomorphism in biphenyls depends upoh the 
specific properties of the univalent sxibstituents present. If these\sub- 
stituents are designated by a, b, etc., it is impossible to d('t('rmine by 
inspection of the type structural formula whether the substance exists 
in enantiomorphic forms. 

In the biphenyl and closely related series, when the dissjmimetry 
conditions have been met, the occurrence of enantiomori)hism would be 
exp(!cted to depend upon (a) the size of th(' ortho substituents; (b) the 
effect of the various influences on the length of th(' pivot bond and the 
rigidity of the ortho substituents. Temperature and solvent would be 
expected to play a role. Furthermem', substituents other than ortho 
might modify the relations of the groups te) one anothen around the pive)t 
bond. 

(B) Compoimds Containing More Than One Pivot Bond wdth 
Restricted Rotation. Ce)nsiderations analogous to those discusse'd uneler 
(A) hold here. Compounds such as dipyrryl benzene's, for example, 
should act much like diphenyl benzenes. The; dissymmetry and inte'r- 
ference conditions are the' only e)ne‘s necessary for the occurre;nce of 
stereoisomeric forms. Mole'cules with proper ort/w substituents have 
been obtained in the expected number of iseuners, but it is possible to 
formulate compounds which shenild exist in stereoisomeric forms though 
no ortho substituents are present. 

With two pivot bonds and restricted rotation, various forms of 
stereoisomerism can occur. Optically inactive meso forms, pairs of 
optically inactive diastereoisomers (cis and trans) may result if the uni- 
valent substituents arc properly distributed over the molecular sk(;leton. 

All forms of stereoisomerism among these compounds depend u})on 
the spt;cific properties of the univalent substitu(;nts and cannot be in- 
ferred by consideration of the type structural formula alone; tht'y de- 
pend on the same specific influences (size of substituents, temperature, 
solvent, etc.) which condition the occurrence of enantiomorphism in 
compounds containing only one pivot bond with restricted rotation. 
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X-Ray Data 

Mills,® in proposing the purely mechanical idea of storic hindrance 
between the ortho substituents in the substituted biphenyls so as to re- 
strict rotation, built up a model from atoms drawn to scale. He was thus 
able to demonstrate that two bulky ortho substituents in the one ring 
would interfere with the fre(> rotation of the second ring, owing to col - 
lisions between them and the third ortho substitmmt. For example, in 
2-chloro-6,6'-dicarboxybiphenyl (XVI) the carboxyl group attached to 



the lower nuck'us can pass neith('r the chlorine atom (large shaded circli') 
nor the other carboxyl group, and lamce is confined to a limited region in 
front of the plane of the upper ring. On the other hand, if two of the 
groups are small, fr('e rotation is possible. This is in accord with the facts 
in the case of diphenic acid and its derivatives in whi(^h the rc'maining 
two ortho hydrog('ns are unsubstituted, for in these compounds the tw(' 
ortho hydrogen atoms are not bulky enough to prevent the free rotation 
of the two rings about their common axis. 

The further applicatioii t.o tlu' biphenyl problem of values of atomic 
size, obtained by pliysical measunmients, was a natural development. 
Atomic diriH'nsions inferred from x-ray data were used to demonstrate 
the probability of collision between the amino and methyl groups in 
2, 2 '-dimeihyl-6,6'-diaminobiphenyl. ’’ 

^ Meisenheimer and Horin^ Bcr„ 60 , 1425 0927). 
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Methods have been suggested which permit definite predictions con- 
cerning the resolvability of any given biphenyl. Stanley and Adams * 
called the difference between the sum of the internuclear distances * of 
the 2,2'-substituents and the distance between the 2,2' ring carbon 
atoms • (2.90 A) the “interference value” and demonstrated that this 
value measured the relative degree of interference that might be expected 
in the molecule. Where the interference value was negative, the com- 
pound could not be resolved; where positive, it could be resolv(;d. Mole- 
cules with only a slight positive interference value racemized readily. 
The estimated interferences paralleled to a surimsing degree the relative 
racemization rates of 2,2',6,G'-tetrasubstituted biphenyls as f(t)und 
experimentally but did not conform to the rcisults obtained in the study 
of 2,2'G-tri- or 2,2'-dLsubstituted compounds. The method is puVely 
empirical. ; 

The building of models for the biphenyls in which the atoms are 
drawn to scale as spheres and then prt'dicting the intcrfi'rencc; of the 
2, 2 '-substituents has becai a common procedur(\ It is uniformly satis- 
factory only for tin; 2,2',0,6'-tetrasubstitu(,ed bi])henyls. It involves 
arbitrary assumi)tions as to the efftsdive diann^ter of various atonxs (i.('., 
as to how close atoms can approach without int.(‘rfering), and thus like 
the previous a})proa(^h to the prediction of resolvability must be con- 
sidered empirical. 


Experimental Evidence for the Coaxial-Noncoplanar Model 

The concept of the coaxial-noncoplanar configuration and the theory 
of restricted rotation are more or h^ss inseparabk;. Actually the former 
is much more fundamental and the latter supplcnuiiitary. Experiments 
which may verify the restricted rotation thc'ory incidentally will prove 
the noncoplanar configuration. On the other hand, those investigations 
which offer merely additional evidence in favor of the noncoplanar model 
may advantageously be considered separately for the clarity of presenta- 
tion. 

The biphenyl molecules with three or four substituents in the 
2,2',6,6'-positions which have been resolved are now well over fifty in 


® Stanley and Adams, J. Am. Cheni. Soc., 62 , 1200 (1930). 

* The “internuclear distance” refers to the distance, as determined by x-rays and 
adjusted for aromatic compounds, from the ring (iarbon atom to the substituent gioup, 
Cl, NO 2 , CH 3 , etc. Where the suljstituent has atoms or groups attached to it, as the 
NO 2 or CH 3 , allowance was made for the additional effect of such atoms or groups. 

® Dhar, Indian J. Phys., 7, 43 (1932). 

Lesslie and Turner, J. Owm. <Soc., 2021 (1932). 
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number and represent a wide variety of types. A description of these 
may be found in the original publications.® 

A natural extension of the study has been made into fused ring 
systems. If the coaxial-noncoplanar view is correct, properly substituted 
binaphthyls, bianthranyls, and molecules of a similar nature should 
show optical isomerism. Many such compounds have been resolved.^®'® 
Elimination of Optical Activity through 2,2'-Ring Closure. One of 
the most int(ircsting and convincing pieces of (widence demonstrating 
the noncoplanar structure for substituted biphenyls was found by a 
study of certain 2,2',G,G'-substitutcd biphenyls which contain groupings 

Christie and Kenner, J . Chnn. *Soc., 470 (1926). 

Sako, Bull. Ch('7n. Boc. Japan, 9 , ^193 (1924). 

Cdiristio, .lames, and Kenner, J, Chem. Soc., 123 , 1948 (1922). 

Yuan and IIsii, J, Chim'tio Chern. Sac., 3 , 206 (1935). 

Kenner and Turner, ,7. Chcni. Sac., 2340 (1928). 

Stanley, McMahon, and Adams, J. Am. ('hem. Sac., 65 , 706 (1933). 

Kenner, dhcviisiry tfc Industry, 46 , 219 (1927). 

Li, Doctoral Dissertation, University of Illinois, 1934. 

Mascarelli, Aiti acrad. Linrci, 6, 60 (1927). 

Sako, Mc7n. Colt. Eng. Kyushu Imp. Univ., 6, 263 (1932). 

Kleiderer and Adams, J . Am. Chem. Sac , 53 , 1,575 (1931). 

Kleid(^rer and Adams, ibid., 65 , 716 (1933). 

23 Angeletti and Guala, Oazz. chirn. ilal., 61 , 651 (1931). 

24 Angeletti, ibid., 62 , 376 (1932). 

2fi Angeletti, ibid., 65 , 819 (1935). 

2« Angeletti, dnd., 63 , 145 (1933). 

27 Bell, J. (linn. Sac., 835 (1934). 

23 Van Arendonk, Becker, and Adams, J. Am. Chcju. Soc., 66, 4230 (1933). 

2« Using and Adams, ibid., 68, 587 (1936). 

Moyer and Adams, ?7>/VL, 51 , (>30 (1929). 

3^ Knauf and Adams, ibid., 66, 4704 (1933). 

22 Bock, Moyer, and Adams, ibid., 52 , 2054 (1930). 

33 White and Adams, ibid., 54 , 2104 (1932). 

34 Bell and Robinson, J. Chnn. Sac., 1695 (1927), 

33 Christie and Kenner, ibid., 123 , 779 (1923). 

33 Christie, Holdernoss, and Kenner, ibid., 671 (1926). 

37 Stearns and Adams, J. Arn. Chnn. Sac., 52 , 2070 (1930). 

33 T.esslie and Turner, J. (lumi. Sac., 1758 (1930). 

33 Stoughton and Adams, J. Am. Chevi. Soc., 62 , 5263 (1930). 
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43 Hanford and Adams, ibid., 67 , 1592 (1935). 
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4ft Kuhn and Goldfinger, A/m., 470 , 183 (1929) ; Wittigand Petri, Ann., 606 , 25 (1933) 
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capable of producing rings through the 2,2'-positions. When 2,2'- 
dimethyl-6, 6 '-diaminobiphenyl ’’ (XYII) is acetylated, the introduction 
of acetyl groups does not effect any noticeable racemization. The diace- 
tyl compound (XVIIl), in turn, is oxidized to the dicarboxylic acid 
(XIX) which is still optically activ(!, but when the latter is hydrolyzed 
by cold acid, an inactive dilactam (XX) is obtained. 


CHs 
r=\ NII 2 



d 

XVII 



d 

XVIII 



d 

XIX 


CO-NH 



Ml CO 

(Inac'livc) 

XX 


The same phenomenon was noticed in 2-nitro-0,6'-dicarboxybiphenyl, 
the d-form of which produces the corresponding optically inactive 
fluorenone when it is warmed with sulfuric acid. Tin; fluoienone (;ouId 
not be resolviid.®*’ ® Similar observations weax^ made on other 
compounds in which a five- or six-membered ring linked the 2- and 2'- 
positions. 

The disai)i)carance of optical activity cannot be attributed to race- 
mization, since th(^ optical isomers arc stal)le under the conditions of ring 
closure. Before the 2- and 2'-j)ositions are linked in a ring the molecule 
has the coaxial-noiutoplanar configuration. On the basis of the present 
knowledge of thi; stereochemistry of ring compounds, five- or six-mcm- 
bered rings joining the two benzene rings of a biplumyl nucleus through 
ortho positions are planar. As soon as the 2- and 2'-carbons are linked by 
such a ring system, the two halves of the molecuk; are forced into a 
coplanar configuration. Thus a plane of symmetry is introduced into 
the molecule and optical activity disappears. 

Bell and Robinson, J. Chem. xSoc., 22Ji4 (1927), 

Kuhn and Jatjob, Bcr., 68, 1432 (1925). 

Underwood and Korhmann, J. Am, Chem. Soc., 46 , 2009 (1924). 
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It is accepted that rings larger than six-m('mbored are ordinarily 
strainloss and nonplanar. If the 2- and 2'-positions in a resolvable 
biphenyl derivative are linked therefore in a slraink'ss ring, the two 
nxiclei of the molecule can still be noncoplanar and the potential optical 
activity can remain. This w'iis d(!monstrated by the condensation of 
d-2,2'-diamino-l,l'-binaphthyl with benzil;^®’ the product was highly 
a(!tive (XXI). In this case the 2,2'-earbons ai-e in an eight-membered 
ring. Several analogous t)ptically active; molccul(;s containing seven- 
membered rings have been described, of which one is shown in 
formula XXII. 



Cfilb— C C— Cells 

XXI 



NH NH 
CD 

XXII 


Unsymmetrical Substitution in Each Ring. It is implied in the 
coaxial-noncoplanar model of a biphenyl that ('ach ring in itsedf must be 
unsymmetrically substituted in order that no vertical plane of symmetry 
may exist and the compound may therefore be; resolvable. When the 
coaxial-noncoplanar theory was first suggested, th(' active compounds 
known at that tiiiK', and even those prepar'd directly afterward, con- 
tained difT('rent groups in the 2,2'- or 6,6'-positions. They are repre- 
sented by examples in S(;ries C. 



Series C 


However, a phenyl group can be unsymmetrically substituted in 
several ways.®*’ All the 2,2',6,6'-positions may be occupied by 
ident ical at oms or groups, provided that substituents meta to the linkage 
of the two rings make each ring unsymmetrical. Formulas in Series D 

“ Tiiulwr, Her., 26 , 3287 (1892) ; 26 , 1703 (1893). 

Wittig and Petri, Ann., 606 , 25 (1933). 

Mascarelli, Gazz. chini. ?7a/., 68, 791, 805 (1928). 

Hyde and Adams, J. Am, Chem. Soc., 60 , 2499 (1928). 
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represent a few of the possibilities in molecules containing at least two 
identical ortho substituents in the same ring. 




Scries D 



A number of these have been prepared and re.solved 


(XXIII, XXIV, XXV, XXVI). 
stable. 

_CH3 

CHs 



V_/ 

NHz CIIs 


CII3NH2 


XXIII 


All the activ’^e forms arc excei 


edi^gly 


NO 2 


O2N 


HO2C NO2 


<r~>N02 

N02 C02H 


XXIV 




XXV 


O2N 


HO2C NO2 

XXVI 


>N02 


The general idea of a coaxial-noncoplanar structure for substituted 
biphenyls, with tlu^ supplementary assumption of no vertical plane of 
symmetry in each ring, was quickly and generally adopted. The fact 
that compound XXVII could not be ri'solved demonstrates that a 
symmetrically substituted biphenyl is not capable of resolution even 
though ortho groups of tin; propiT (^haraetm- may be present (see also 
p. 371). 



Physical Data. Certain physical data have appeared which sup- 
port the noncoplanar concept. From an x-ray study the conclusion 
was drawn that, in certain 2,2',(),6'-derivatives of biphenyl, the two 
rings are in planes turned from each other at an angle not greater than 
45°, while the rings in biphenyl itself are coplanar. Dipole measure- 

Clark and Pickett, ihid., 63, 167 (1931) : Pickett, Nature, 131, 510 (1933) ; Proa 
Roy. Soc, {London), 142A, 333 (1933). 
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ments*^ upon optically active 2,2'-diamino-6,6'-dimcthylbiphenyl (XVII) 
have led to pertinent results. Of the three possible formulas given below, 
XVIIa, which is coplanar, should give no moment, while XVIIb, also 
coplanar, gives a calculated moment of 1.99 X 10“^^. The value actu- 
ally found was 1.66 X lO"***, thus offering evidence for formula XVIIc. 
It may be calculated from these measurements that the angle of the two 
planes in this molecule is 67°. 


CHs 

NHa NHs 

O' 

0'~\I) 


CHa CII 3 


h 

XVII 



Absorption spectra measure'meuits on various biphenyls have shown 
that compounds with e'st ablishe'd restricted rotation exhibit a marked 
decrease in the; e’harae'le'iistic absorption compared with similar com- 
pounds where this restiictie)!) is not pre;sent. This decrease is attributed 
to the preve;ntion of conjugatieen between the two rings due to the non- 
coplanar cemfiguration e)f the rings caused by t he re'strictiem of rotation. 

A study of resonance ene;rgies of several biphenyl derivatives also 
indicates that the rings are not cojilanar.®* 

The comparative' stability of the more easily racemized biphenyls has 
been determined generally by means of half-life periods. The decrease in 
optical activity obeys the law of a r(;v('rsible first-order reaedion,®^ and 
the rate of l acemization may be; expressed in terms of half-life periods. A 
kinetie; study of the; i-ae;emization of 2,2'-diamino-6,6'-dimethylbi- 
phenyl has confirmed that in this case at least the rae;emization both 
in the gaseous phase; and in solution is homogc;n(>ous and unimolecular. 
The activation ene;rgy was determined and it was conclude;d that approx- 
imate;ly 22.5 kcal. is ne;cessary to bond the bonds and overcome the 
repulsion to such an extent that the planar model is possible. It was 
deduced also that any bii)lK;nyl compemnds possessing an activation 
energy for racemization less than about 20.0 kcal. would racemize too 
rapidly to be resolved. 

The activation energi(;s of a variety of optically active biphenyls 

Bergrnann and Engel, Z. physik. (Item,, 16B, 85 (1931). 

Pickett, Walter, and France, J. Am, Chem. Soc., 68, 2290 (193()) ; Pickett, ibid., 
68, 2209 (1930) ; O ’ Shan gl messy and Kodebush, ibid., 62, 2900 (1940). 

Briill, Gazz. chim. ital., 66, 28 (1935). 

Kuhn and Albrecht, An7i., 466, 272 (1927) ; 468, 221 (1927) ; Smitli, J. A^n. Chem. 
Soc„ 49, 43 (1927). 

Kistiakowsky and Smitli, J. Am. Chem. Soc., 68, 1043 (1930), 

»®Li and Adams, ibid., 67, 1505 (1935). 
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with widely varying half-life periods have been dcitermined. They all 
fall within 18.0 and 25.0 kcal. Since the activation energies (;annot be 
determined with an experirmnital accuracy sufficiient to allow this 
constant to be used for a comparison of the relative stabilities of such 
compounds, the half-life pcjriods must be used for this purpose.®^ 

Characteristics of Biphenyl Isomerism 

The peculiarity of the stereoisonu'rism in the biphenyl and related 
series should be explicitly pointed out. Tlu' theory of van’t Iloff predicts 
that any compound of the type XXVIII should exist in two st^reo- 

h 

I 

OL C C 

I 

d 

XXVIII 

isomeric forms — assuming that the substituents a, 5, c, d are univak'nt 
radicals which are not in themselv(‘s optically active'. It is the very es- 
sence of this theory that the existi'iice^ of the two isonu'rs is in no wise 
dependent upon the specific properties of th(' individual radicals, but is 
conditioned solely by the fact that all four are difi'ercnL Like^ con- 
siderations hold when van't Iloff^s idea is ai)pli('d to compounds con- 
taining more than one asymmetric carbon atom; they are equally ap- 
plicable to cyclic and to open-chain compounds; they account for the 
stereoisomerism in th(^ allene and s])iran(' serk's; and they apply also to 
molecular dissymmetry such as that, observc'd among the inositols. Ev('n 
the stereoisomerism attributed to elenu'iits otiu'r than carbon can be 
explained without change' in this asj)ect of the van^t Hoff theory. 

However, the st.en'oisomerism in the biphenyl and re'lated series is 
not in accord with this widespread rule. A pair of substances has been 
prepared which illustrates pc'rh'ctly the impossibility of pn'dicting the 
number of ste'reoisomeric forms of th(^ compound defined only by th(^ 
type formula XXIX. The (ompound 2,2',4,4',5,5^fi,fi^-octamethyl• 

a a a a 

“O^O* 

b a a b 

XXIX 

3,3 '-biphenyldisulfonic acid (XXX) was resolved into its ojitical antipodes 

Adame and Kornblum, ihid.t 63, 188 (1941). 
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and the active forms cannot be racemizc'd l\y any of the usual methods.^’ 
On the other hand, attempts to resolve the corresponding biphenyl-3,3 
disulfonic acid (XXXI) weie unavailing. 


II3C 



HO3S SO3H 


XXXI 


Thus, if a is the hydrogen atom in the gcmeral formula XXTX, 
thtni' is one form; if a is the iiuthyl radical there are tivo. In other 
words, the number of forms is not a typ<' propi'rt.y of tlu' molecule, but 
d('p('nds upon the specific nature of the univalent substituents. It is 
thus evicU'iit that no nu'ri' extcuision of the van’t Hoff thciory (such as 
the one introduced by Werner) can account for the st('reoisomerisni in 
th(' biphenyl and analogous seri('s. 

The discussion of biphenyls has been limited to those which are cap- 
able of resolution, ft is important, to recognize, however, that any 
biph('nj’ls in which the ortho groujis interfere with (‘ach other will have 
restricted rotation and a noncoplanar structure, even though they are 
non-resolvable on account of synmi('trical substitution in the rings. They 
differ therefon* from biphenyls in which no ortho groups are pn'sent or in 
which the ortho groups do not interff're, since the latter will have free 
rotation in tlu' moh'cules. 


Experimental Evidence Relative to the Size of the 2,2',6,6'-Groups 

The preceding discussion has established satisfactorily the coaxial- 
noncoplanar structure of bijihenyls which have ci'rtain subst ituemts in 
the 2,2',(>,<>'-positions and are unsymmetrically substituted in each ring. 
More specific information in regaid to the character of tlu; 2,2', 6,6'- 
at.oms or groups and their rc'lative ('ITect uiion the restriction of free 
rotation bi'tween the rings of the. biphenyl molc'cule will now be con- 
sidered. 

Up to 1930 the antipodc's of all the known orf//o-tetrasubstituted re- 
solvable biphenyls were found to be highly stable; they could not be 
racemizi'd in boiling acid, alkaline, or neutral solution. On the other 
hand, tlu; trisu Instituted com])ounds were found to rac{;miz(; in boiling 
solutions. On the basis of the obstacle theory, the difference between 
these two classes of compounds is explicable. 

The racemization of active biphenyl dc'rivatives or mutarotation of 
their salts may be explained by the fact that thermal agitation causes 
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the groups in the 2,2',6,6'-positions to slip by each other. The nuclei 
to which they are attached are thus allowed to pass through the common 
plane, and one active form changes into the other. 

The obstacle theory further leads to the prediction that, merely by 
modifying properly the size of the 2,2',6,6'-groups, optically active 
biphenyls with widely varying degrees of stability to racemization may 
be prepared. The study of the comparative rates of racemization of 
different active biphenyls offers a semi-quantitative approach to the de- 
termination of the importance of the size of the groups in relation to the 
blocking effect. ^ 

Several pertinent and interesting phases of this general problem have 
been studied experimentally: (a) The prei)aration of 2,2',6,G'-tittra- 
substituted biphenyls which, unlike those, at first studied, are non-res^v- 
able; (6) the preparation of tetrasubstituted compounds which readily 
racemize and of trisubstituted compounds w'hich are immune to rac('- 
mization; (c) the comparison of groups by a stud)’^ of the rak's of racemi- 
zation of a series of biphenyls in which two of three substituents or 
three of four substituents in the 2,2',6,()'-positions remain constant and 
the third or fourth is varied; (d) the obs(’i-vation of rotational changes 
during the replacement of one or two groups in tlu^ 2,2',G,6'-positions 
by other groups; (c) the preparation of active; 2,2'-disul>stit.ut.('d and 2- 
monosubstituted biphenyls; (/) the effect on rates of racemization of a 
modification of the atoms or groups combined to the atoms attached to 
the ring in the 2,2',G,G'-positions; (g) the; (effect upon the; stability of the 
active molecules of additional groups substituk'd in positions othea- than 
the 2, 2', 0,0'; (h) the com{)arison of biphenyls in Avhich the ideaitical 
triplets of groups in the ortho positions hold different relative positions 
to each other; (^) the comparison of the rate of racemization of active 
biphenyls and their salts. 

These lines of research will be discu.s.sed in order. From the practical 
standpoint, the problem of studying the desired effects lies in the selec- 
tion of the proper groups to substitute in the biphenyl and the prepara- 
tion of such compounds. Evidence from many sources indicates the 
fluorine and hydroxyl or methoxyl to b(' among the smallest atoms or 
groups other than hydrogen; amino and carbo.xyl groups are not much 
larger. 

It is deserving of mention that, in the resolution of a biphenyl of 
which the optically active forms are very easily racemized, either a single 
diastereoisomeric salt is isolated or two diastereoisorneric salts, one of 
which is very readily converted to the other. This is due to the fact that 
the ease of rotation about the single bond between the two phenyl nuclei 
leads to the facile interconversion of one salt to the other when in solu- 
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tion, thus resulting in an equilibrium mixture. Upon isolation of the 
salts, however, the less soluble precipitates first, and, as more is taken 
from the solution, the more soluble rearranges to the less soluble. Only 
by the use of different solvents can both salts of such a compound some- 
times be isolated in solid form. The active salts thus obtained naturally 
show mutarotation in solution owing to the formation of an equilibrium 
mixture of the diastereoisomeric salts. 

Non-Resolvable 2,2',6,6 -Tetrasubstituted Compounds. The follow- 
ing 2,2',6,6'-tetrasubstituted biphenyls (XXXII, XXXIII, 

XXXIV, XXXV), resolution of which could not be ('ffected, were 
prepared. It appears, th(u), that these are truly 2,2',6,0'-tetrasubstituted 
biphenyls in which the ortho groups do not interfere sufficiently to allow 
resolution. 


Cl F 


F CO 2 H 
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O CO 2 H 




HO2C 0 o 

CHa CH3 
XXXIV 


0CII3 F CO2H 


HO 2 C F OCH 3 
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H2N O O 
CHa CH 3 
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Resolvable but Easily Racemized Biphenyls. Tin; compounds *’ 
XXXVl and XXXVIl were syntlu'sized and found to racemize very 
easily when wanned in a neutral solvent. They are thus in sharp con- 
trast to the stable active biphenyls earlier studu^d. Greater stability 
was found in XXXVIII. 
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NH 2 CH 3 /==\ cU 2 n 
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To make certain that the size was of primary importance and that no 
specific effect of the fluorine or methoxyl groups was involved, still 

Kleiderer and Adams, J. Arn. Cheyn, Soc.^ 66, 4219 (19ii3). 

Van Arendonk, C'upcry, and Adams, ibid., 66, 4225 (1933). 

Becker and Adams, ibid., 64 , 2973 (1932). 
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larger groups along with the fluorine and methoxyl groups were intro- 
duced into the molecule. The active forms of XXXIX do not racemizc.^^ 
In a similar manner XL and XLI give relatively stable active forms 
which raccmize only slowly at higher temperatunis.** 


HO2C 


O2N Clh 


NO2 


OCH3 


— / F^2H 

H3C N02 
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^ ■X.XT O NO2 
C02H CH3 

XLI 


Although the 2,2',0-trisubstituted bijihcnyls studied in the earlier 
researches could be racx'mized at high temix'ratures,''’ the ac^tive forms 
of XLII are perfectly stable under the usual conditions of racemizatlon. 


O2N 



O2N CO2H 


XLll 


Relative Effect of Various Groups in Restricting Rotation. A direct 
comparison of the effect of different groui)s was obtairu'd by a study of 
2,2',6-trisubstituted biphenyls, in Avhich th(i group in one position only 
was modifh^d from member to nKunber of the scuh's. Tlu> two following 
sets of compounds were prepannl : (a) 2-X-2'-nit.ro-()'-c!irboxybi- 

phenyl (XLIII), where X = methoxy, methyl, carboxyl, or nitio; and 
(h) 2-Y-5-methyl-2'-nitro-6'-carboxybiphenyl (XLIV), where Y = fluor- 
ine, chlorine, or bromine. 
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Evidence will be pre.sented later to show that the presence of a 5'- 
methyl group in scjries XLIV probably has very little (iffei^t upon thci 
racemization rates; therefore a direct comparison of the compounds 
XLIII and XLIV is permissible. 

From the half-life periods it appears that the relative interference 
effects of the; .seven groups studied are in tlui following order: Br > CH3 
> Cl > NO2 > CO2H > OCH3 > F. Racemization tests in various 
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solvents do not modify the nwults. It. is interesting that the order from 
first to last parallels the decrease in the size of the groups as determined 
by x-ray data. 

Experiments have been performed which demonstrate the m('thoxyl 
to have a greater hindering effect than the; hydroxyl. It was found 
possible to resolves 2-methyl-4-carboxy-6-jiitro-2'-methoxybiphenyl 
(XLV) but not the c()rr(\sponding hydroxy compound. 



xi.v 


Replacement of a Group in the 2,2',6,6'-Position of an Optically 
Active Biphenyl. By a Hofmann ^'arrangement “ (p. 977), d-3,.5-dinitro- 
6-a-naphthyll.)('nzamide (XLVl) was con veiled into r/-3,r)-dinit.ro-6-ci!- 
na[)hthylaniline (XLVIl) and the latU'r was obtained with a maximum 
rotation. 
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Active (),0'-diamino-2,2'-bitolyl (X^’1I) was coim'tled into active 
(),()'-diiodo-2,2'-bit olyl (XLVfll ), active 0-nit ro-2-methyl-2'-carboxybi- 
phenyl (XLIX) into active G-nitro-2-methyl-2 -aminobiphenyl ” (L), 



XVII XLVIII XLlX L 


and active 2-bioino-2'-amino-6,r)'-bitolyl into actwe 2,2'-dibromo- 
(),6'-bitolyl.“ The mechanism of such n'placimients is not clear. If 
the vi(^w is acceiiti'd that in thi'se jirocesses no free radicals arc 
involved, no new deduct ions can be drawn from the ('xperimental results. 
On the other hand, if frei; radicals are assumed as intermi'diates, it fol- 
lows that the life period of the frei' radicals must be vi^ry short as (^om- 
liared with the time of rotation of the aromatic nuclei about the inter- 
nuclear bond. 

Adams and Teeter, ibid., 62, 21SS (1940). 
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2,2'- and 2-Substituted Biphenyls. From the preceding discussion 
the possibility of resolution of certain 2,2'-disubstituted biphenyls would 
be predicted provided that the substituents are of proper size. Several in- 
vestigators attacked this problem simultaneously. The resolution of LI 
was reported.''^’ This compound can be considered a disubstituted 
biphenyl with the C — CO 2 H groups in the 2- and 2'-positions. The 
existence of optical isomers even though relatively unstable indicates 
that these groups are suffiiiently large to int(!rfere with the hydrogen 
atoms. The instability of this active compound as compared with that 
of its very stable isomer LII is striking. The preparation and resolution 
of LIII were also successful.’^ Its active forms are less stable than those 
of LI. A third compound (LIV) was found to be iion-resolvable; hepce 



it appears that with only one substitution the molecule is much more 
mobile. 

The optical resolution of sevenil 2,2'-disubstituted biphenyls fol- 
lowed shortly: (LV),’® (LVI), (LVII),” (LVII1),’« and the correspond- 
ing analog of LVIII with two methyl groups in place of the phenyls 
attached to the carbon holding the hydroxyl,’® and (LIX)**® and the 
corresponding bromide.®’ The active forms of all these compounds are 
easily racemized substances. 

Stanley, ibid., 63 , 3104 (1931). 

Corbellini, Atti. accad. Lincei, 13 , 702 (1931). 

Meisenheimer and Beissweiiger, Ber., 66 , 32 (1932). 

Lesslie and Turner, J, Cficrn. Soc,, 2394 (1932). 

Lesslie and Turner, ibid., 2021 (1932). 

Shaw and Turner, ibid., 135 (1933). 

Corbellini and Pizzi, Atii. accad. Lincei, 15 , 287 (1932). 

C;)orbellini and Angeletti, ibid., 16 , 968 (1932). 

Searle and Adams, J. Am. Chem. Soc., 65, 1649 (1933). 

Searle and Adams, ibid., 66 , 2112 (1934). 
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SO3H 



LV 



SO3C6H5 

LVI 



CeHs 




I 

LIX 


It is also intojx'sting that the two ortho substituents may be in the 
same ring/- as 2,G-dibr()mo-3,3'-diamino-4,4'-bitolyl (LX) was resolved. 
The active forms ra(‘tmiize slowly in solution. 

The possi])ility of tlui resolution of a monosul)sti tilled biphenyl is ajv 
parent, and partial success has been obtained. The d-camphorsulfon- 
ate of 3'-bromobiph('nyl-2-trimethylarsonium iodide (LXl) is reported 
to show some mutai-otation. 




As (0113)3! 


LXI 



Although no biphenyls have been resolved which do not contain at 
least one non-hydrogen substituent in the 2,2',(),C)'-positions, it is not 
impossible that one might exist. It is olivious that two radicals of the 
type in LXII should combine to give a molecule in which restidcted 




Patterson and Adams, ibid,, 67 , 762 (1935). 

Lcsslie and Turner, J, Chem. Soc., 1588 (1933) ; see also Adams and Cairns, J 
Am. Cham. Soc., 61 , 2179 (1939). 
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2,2 - and 2-Substituted Biphenyls. From the preceding discussion 
the possibility of resolution of certain 2,2'-disubstituted biphenyls would 
be predicted provided that the substituents arc of proper size. Several in- 
vestigators attacked this problem simultaneously. The resolution of LI 
was repoi’ted.'^*’ This compound can be considered a disubstituted 
biphenyl with the C — CO 2 H groups in the 2- and 2'-positions. The 
existence of optical isomers even though relatively unstable indicates 
that these groups are sufficiently large to interfere! with the hydrogen 
atoms. The instability of this active compound as compar(!d with that 
of its very stable isomer LII is striking. The prei)aration and rcsohition 
of LlII w(!re also successful.''^ Its active forms are less stable than tnose 
of LI. A third compound (LIV) was found to be non-resol vablc; h^co 



it appears that with only one substitution the molecule is much more 
mobile. 

The optical resolution of several 2,2'-disubstituted biphenyls fol- 
lowed shortly: (LV),’® (LVI), (LVII),''^ (LVIIl),'* and the correspond- 
ing analog of LVIII with two methyl groups in place of the phenyls 
attached to the carbon holding the hydroxyl,''® and (LIX)*® and the 
corresponding bromide.®' The active forms of all these compounds are 
easily racemized substances. 

” Stanley, ibid., 63 , 3104 (1931). 

Corbellini, Atti. accad. Lincei, 13 , 702 (1931). 

Meisenheimer and Beisswenger, Ber., 66, 32 (1932). 

Lesslie and Turner, J. Chem. Soc.^ 2394 (1932). 

Lesslie and Turner, ibid., 2021 (1932). 
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Corbellini and Pizzi, Alii, accad. Lined, 15 , 287 (1932). 
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Searle and Adams, ibid,, 66, 2112 (1934). 






OPTICAL ISOMERISM 


365 


SO3H 
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H2N 
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SOsCoHs 


SOaCeHs 

LVI 



CeHs 



O 

CO2H 



It is also iiiterosting that the two ortho substituents may be in the 
same ring,®- as 2,6-dil)iomo-.‘>,3'-(liamino-4,4'-bitolyl (LX) was resolved. 
The active forms racemizc slowly in solution. 

The {)ossibility of the resolution of a monosubstituted biphenyl is ap- 
parent, and pailial success has been ol)taiiu'd.®® The d-c^amphorsulfon- 
atc of 3'-biomobiphenyl-2-trimethylarsonium iodide (LXl) is reported 
to show some nuitarotation. 


CHs 



LX 


O 

AsCCHslsI 

LXl 


Although no biphenyls have beem resolv('d which do not contain at 
least one nou-hydrog(m substituent in the 2,2',G,(V-positions, it is not 
impossiblt! that one*, might exist. It is obvious that two radicals of the 
type in LXII should combine to give a molecule in which restricted 



Patterson and Adams, ibid., 57 , 762 (1935). 

®®Lesslie and Turner, J. Chem. Soc., 1588 (1933); see also Adams and Cairns, J 
Am, Chem, Soc„ 61 , 2179 (1939). 
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rotation exists at the pivot bond. Similarly, if two of the radicals shown 
in LXIII arc substituted in the para positions of bciiizcnc, a molecule 
might be produced with two pivot bonds and two points of restricted 
rotation. 

Steric Effects of Atoms or Groups Combined to the Atom Attached 
to the Ring. The steric effect of the hydrogens in th(i hydroxyl, the 
amino, or the methyl groups might be expected to be appreciable. More- 
over, such an effect probably would be greater in the methyl than in the 
amino, and greatc'r in the amino than in tlu^ hydroxyl group. Such in- 
fluences undoubtedly would vary widely, though they probably would be 
small on account of the free rotation b('tween the atom holding Aho 
hydrogens and thc’; carbon atom of the ring to which it is at tachdl. M^th 
larger nuclei combiiu'd to the atom attached to the ring, greater influ- 
ences might be exerted, dei)ending upon the sphere of influence aiid 
character of the atoms present. 

An indication of what may be ('xpected can be seen in a comparison 
of the racemizatioii rate's of the active acid, ester, and amide of 2,2'- 
dimethoxy-(),0'-dicarl)oxy])ip]Kiiyl (LXIV). In glacial acetic acid 
the half-life periods of the acid, ester, and amides ani 78, 88, and 240 
minutes, respectively. The Nl I2 part of the — (XJNH2 group is st ericully 
mu(;h more effecitive than an hydroxyl or (^thoxyl in the same position. 

In a similar nianiu'r, a comparison wiis made of the raccunization 
rate of 2-iiitro-0-carl)ox3^-2'-iii(‘thoxyl)iph(myl with thosc^ of the (jor- 
responding ethox}" and propoxy compounds (LXV). Th(‘ ratio of 
half-life ix'riods for the methox^", ethoxy, and pi'opoxy d(‘rivativ(\s is 
approximately 1: G: 8 in several of tlu^ common sf)lv(‘nts. 

Quite as interesting is a comparison of the racemizatioii rat(\s of 
various substituted amides of 2,2'-dimethoxy-G,G'-dicarbox34nphenyl 
(LXVI). In th(\se moleimles the following order of stability is found; 

— NH2 and— N (0113)2 <— N(C2lIo)2 <— NHCTO <— NHC2H5. 


OCH3 



CONH2 

CO2C2H5 

CO2H 


\ 


/ 

CO2H 
CO2C2H5 
CONHj 


OCH3 



OCIIa 


rn Ti 

CO2H 0C2II5 

OCsHyCw) 



\ 


LXIV 


LXV 


/ 

CONII2 
CONHCIIa 
CONIIC2H5 
C0N(CH3)2 
C0N(C2H5)2 

LXVI 


CON(C2Tl!,)2 
CON (0113)2 

CONHC2H5 

CONTICII3 

CONH2 

<Z> 

OCHj 


Using and Adams, J. Am. Chrm. Soc., 68, 587 (1986). 
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Substituents in Positions Other than the 2, 2', 6 , 6'. Since the size 
of atoms or groups is due to the fundanu'ntal structure of the atoms in- 
volved, i.e., the nucleus and electron shells, it may be said that the 
electrical characteristics of atoms or groups are intimately associ- 
ated with the size. On the other hand, the atoms or groups may be 
considered from the standpoint of polarity. Experiment shows that 
polarity or non-polarity plays an unimportant role. A comparison of 
biphenyl molecules containing four nu'thyls, four chlorines, four nitros, 
four methoxyls, and four fluorines in tlu^ ortho positions has been mad(\ 
The compounds were rc'solved and their raiHanization rates determi)i('d. 
The compounds containing the four chlorine's and four nitre) gre)ui)s 
which are polar in charaeder are very re-sistant to race-inization. IIe)w- 
cve'r, the ceempound with feiur me'thyl grou{)s, which are essentially non- 
pe)lar anei of appreeximate-ly the same size as the eihleerine's, is alse) very 
resistant to racemization. On the other hanel, the tetraflue)ro and 
tetramethoxy ce)mpounels are not eve'n resolvable. In fact, from the be>- 
havior of the numerous ceempounels already studied, it is clear that size is 
the most, important factor and that no correlation between the polarity 
and interference eft'ects of the individual groups is possible. Steric in- 
flui'nces due to the polarity of groups probably produce no more than a 
s('Condary effect which may be illustrat('d by propc'rties of active mole- 
cules with additional groups substituted in positions other than the 
2,2',t‘>,6^- It was first noted *'* that the half-life period of the active 
compound LXVll in 2N sodium hydroxide solution at 98° was 18 
minuUis, whereas that t)f LXVIII under the same conditions was 50 


CO2II 

o 


C02H 


C02H 


N02' 



C02H 


\ / 


>N02 


N02 

LX VII 


NO2 

LXVIII 


minutes. Thus, antipodally the latter was three' times as stable as the 
fornuw. This is inexplicable if the' 2,2',t),6'-groups are the only factors 
which affect t.he stability to racemization of t.h(' active molecules. 

Inspection of formulas LXVH and LXVIII shows that the only 
difft'rc'neic is a nitro group in the para position of one ring. 

Later, Adams and his students studied a se'ries of compounds with 
methoxyl, methyl, chlorine, bromine, and nitro substituted in the 3'- 
(LXIX),^*’ “ 4'- (LXX),^® and 5'- (LXXI)^- positions of 2-nitro-6-car- 
boxy-2'-mcthoxybiphcnyl, where X = OCH3, CH3, Cl, Br, NO2. 

Yuan and Adams, ibid., 64, 2966 (1932). 
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These were compared with each other and with unsubstituted % 
nitro-6-carboxy-2'-methoxybiphenyl which racemizes readily at room 



iXIX LXX LXXI 


temperature and thus makes possible a fairly accurate polariscopic study 
of the rate of racemization. For (iach of the fifteen compounds, onlj| one 
alkaloidal salt can be isolated and all th(;sc mutarotate in solution. ,Thc 
active acids obtained from the salts racemize readily in organic solv^'nts 
at room temperature. Semi-quantitative data are given in Tabl^, I. 


TABI.IO I 

IIalf-Lifk Periods in Minutes op Substituted 
2-Nitrc)-6-caiuioxy-2'-methoxybiphenyl 


Position of Substituent 

Nitro 

Bromo 

Chloro 

Methyl 

Methoxy 

3' 

1905 

827 

711 

331 

98 

4' 

115 

25 

12 

2.6 

3 6 

5' 

35 

32 

31 

11 5 

10,8 


The 3' and 5' compounds were dissolved in ethyl alcohol for racemization studies; the 4' in 
acetone. The temperature used was 25® in all instances. 


From these data it may be deduced that, within experimental error: (1) 
the stability to racemization of each series, whether the groups are sub- 
stituted in the 3'- or 4'- or 5'-positions, is in the order: H < OCH 3 < 
CHa < Cl < Br < NO 2 ; (2) the stability to racemization of the 4'-sub- 
stituted compounds is somewhat less than that of the 5'-substituted 
biphenyls and much less than that of the 3 '-derivatives. One exception 
appears in that the 4'-nitro compound is more stable than the correspond- 
ing 5'-nitro derivative. 

The theoretical basis for and the exact mechanism of this phenomenon 
are still obscure. One or more, or possibly all, of the following factors 
may be involved (1) the variation of the valency angle at which the 
ortho substituent on the ring is attached, thus changing the effective 
size of the group; (2) the modification of the interim clear distance be- 
tween the carbon atom of the ring and the ortho substituent; (3) the 
slowing down of the semicircular oscillation of the two phenyl rings by 
substituents, thus diminishing the chances of the complete rotation; 
(4) the modification of the distance between 1,1' carbon atoms; (5) the 
bending of the linkage between the two rings in such a way that the 
rings are no longer coaxial. 
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The experimental results are perhaps significant in leading to the 
conclusion that cause (3) is not a factor, since the substitution of two 
atoms of similar polarity but of different weight, such as chlorine and 
bromine, results in almost identical effects on the rate of racsemization. 
The order of increase in stability in the 3'-, 4'-, and 5'-series is the same as 
that of the dipole moments of the individual groups introduced into the 
positions indicated. The greater the dipole moment of the group the 
greater is the stability. There is no chemical evidence, however, to 
prove or disprove mechanisms 1 , 2, 4, or 5. 

It might app(iar at first, from the relatively large change in the 
ra(!emization rates caused by substituents in positions other than the 
2,2',6,6', that such substituents play a very important role;. Neverthe- 
less, it must be considered that the amount of change is something about 
which no quantitative information is available^. It is quite possible that 
small changes in interference have a larg<5 observable effect, particularly 
on those molecules which are, sensitive to racemization under mild con- 
ditions. 

Calvin has suggested that the non-r(;solvability of 2,2'-dibromo- 
4,4'-diaminobiphenyl in contrast to the resolvability of 2,2'-dibromo- 
4,4'-dicarboxybiphenyl may be explained on the basis of the amino 
groups inducing a greater tendency for formation of the ground state of 
the molecule (LXXII) wliich would prevent resolution. 

+ 

LXXII 

Comparison of Isomeric 2,2',6-Trisubstituted Compounds. A series 
of biphenyls in which nitro, methyl, and carboxyl groups are inter- 
changed in the 2,2',6-positions was studiiMi. The racemization rates of 
the three compounds did not correspond to those which would be antici- 
patiid from the size of the groups as deduced from the study of the various 
2,2',6,6'-tetrasubstitutcd biphenyls.*® Similar anomalous re.sults were 
observed in analogous molecules containing methoxyl, carboxyl, and nitro 
groups.®'^ 

Comparative Rates of Racemization of Active Biphenyls and Their 
Salts. It is desirable to point out here another unexpected phenomenon 
which must be attributed to some factor in the molecule other than the 
size of ortho groups. The rates of mutarotation of the salts of the series 
of acids (LXIX), (LXX), and (LXXI) previously mentioned, in which 
a variable 3'-, 4'-, or 5'-group is involved, do not run parallel to the rates 

*• Calvin, J. Org. Chcvi., 4 , 250 (1939). 

Adams and Finger, J . Am. Chem, Soc.t 61 , 2182 (1939). 
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of racemization of the acids. The sodium salts of many optically active 
biphenyl derivatives racemize in aqueous solution more readily than the 
free acid racemizes in orgeanic sohaaits. It was found, however, that the 
sodium salts of all the substituted 2-nitro-6-carboxy-2'-methoxybiphen- 
yls in water racemize l('.ss n^axlily than the free a(‘ids in organic solvents. 
The sodium salts in absolute alcohol, on the other hand, racemize more 
readily than the free acids in the same solvent. 


Polyphenyl Systems 

i 

Compounds having more than one asymmetric carbon atom posl^ess 
a number of diastereoisoiiK'rs, and the same phenomenon is to be yx- 
pected in derivatives of properly substil-utc'd polyphenyls containhig 
more than one pivot bond with restricted rotation. 

There are four general types ^ of properly substit.utc'd 7 >-dii)henyl- 
benzenes, (LXXIII), (LXXIV), (I.XXV), and (LXXVl). Type 



y y XX 

LXXV LXXVl 


LXXIII should e::ist in two diastereoisomeric forms, ea(?h of which is a 
rac('mic modification, one cis and one irans. C'ompounds of types 
LXXIV and LXXV should exist in two forms, one ineso and one racemic. 
The meso form of LXXIV is the trans form, and the racemic is the cis 
form. On the other hand, the rmso form of LXXV is th(^ cis form, and 
the racemic is the travs form. It is of interest that the meso form of 
LXXIV has not the usual plane of symmetry, but a point of symmetry. 
In type LXXVl the central ring is symmetrically substituted so no 
optical isomerism is possible. On the other hand, restricted rotation 
can still occur and two geometric isomers, cis and tra7is forms, result. 

Properly substituted m- and o-diplumylbenzene derivatives yield 
analogous, though somewhat different, types of stereoisomers.^ Quater- 
phenyls and more complex molecules of a similar type^, when properly 
substituted, should exist in many modifications, the number of which 
can be calculated in the usual way. 
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Experimentally only p-diplienylbenzene dc'rivatives have as yet 
been investigated. The possibility for the existence of a meso and a 
racemic modification of substituted p-diphcnylbenzeiK's of type LXXIV 
was demonstrated by the isolation of two stereoisomeric compounds, 
LXXVII and LXXVIII. Each of the two isomers forms individual series 
of derivatives but oxidiz(\s to the same quinoiie (LXXIX). The quinone, 
in turn, upon redue.tioii always gives a mixture of the two hydroquinones, 
(LXXVII) and (LXXVIII). Sufiicient interference appanmtly is not 
present in the quinone to allow the exiskau^e of two isomers. 



A second compound (LXXX), in which all the ortho positions are 
hik'd, furnishes a more suitable compound for testing the validity of the 
predictions. The two stereoisomeric compounds (LXXX and LXXXl) 


a-f onii-inciio-traii8 jS-forin-raceniic-eis 



Browning and Adams, ihid.y 62 , 4098 (1930). 
ShildncM^k and Adains, ihid., 53 , 343, 2203 (1931). 
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are converted readily to characteristic derivatives. Upon bromination 
they produce the same hexabromo derivative (LXXXII), thus experi- 
mentally confirming the fact that stereoisomers exist only if each of the 
rings is unsymmetrically substituted (p. 355). 

Each of the two tetrabromodimesitylhydroquinones (LXXX and 
LXXXI), unlike the two dibromodixylylhydroquinones (LXXVII and 
LXXVIII), which oxidize to the same quinone, yields, upon oxidation, 
the corresponding stereoisomeric quinone (LXXXllI and LXXXIV). 

The additional o-methyl group increases the interference sufficiently 
to produce restricted rotation and thus allows the formation of isomers in 
the quinones. Incidentally, these quinones present an example of^, re- 
stricted rotation between a benzene and a quinone ring. \ 

The two diastereoisomeric dibromoquinones (LXXXIII gnd 
LXXXIV) with aqueous sodium hydroxide are converted to two stereo- 
isomeric dihydroxyquinones (LXXXV and LXXXVI). Thes(.' two 
latter compounds upon reduction yield the com'sponding tetrahydroxy 
compounds (LXXXVII and LXXXVIII). The last three pairs belong 
to the p-diphenylbenzenes of type LXXVI and n'prescuit cin and irans 


a-iorm-nieso-lrans /3-forni-rac(!niic-as 



CHa CHs 

LXXXVII Lxxxvm 

isomers incapable of optical isomerism. On the other hand, the two 
hydroxyquinones and their derivatives represent pairs of cis and trans 
isomers, in each pair of which one is a meso and one a racemic modifi- 
cation. 


OHOH 



OH OH 


Br CHa /= 



OHOH 
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Owing to the small size of the hydroxyl group, the cis form of the 
dihydroxyquinone (LXXXVI) and its diacetate and dibutyrate can be 
converted, by heating in high-boiling solvents, into the corresponding 
trans forms. Similar treatment does not cause the conversion of any of 
the other cis forms in this series. 

The high-melting forms in the dimesitylbonzcnc and dimesityl- 
quinone series were assumed by analogy to other known pairs of stereo- 
isomers to be the irans modifications, and the low-melting forms to be 
the cis modifications. That this assumption was correct was proved 
experimentally by the resolution of the cis form (LXXXI) and the non- 
resolution of the trans form (LXXX).®“ 

These results, though limited in number, show that in the diphenyl- 
benzene system the exact conditions that would be expected from the 
study of the biphenyl series continue to hold. 

A second type of molecule exhibiting two points of restricted rotation, 
with the points more widc'ly separated than in the diphenylbenzenes just 
discussed, is represented ])y the i.sophthalimid(! of 3-nitro-3'-amino- 
bimesityl (LXXXIX) whi(ih has heen isolated in sterciochemical forms, 
meso and racemic modifications.®^ 



Restricted Rotation Due to a Many-Membered Ring in the 
5,6'-Positions 

A nov<'l t>q)C of restricted rotation has rcccmtly been observed in 
5,5'-(polymcthylenc)-diphenic acids (XC).” Diphenic acid cannot be 


Hooc coon 



*® Knauf, Sbildneck, and Adame, ibid., 66, 2109 (1934). 
Adame and Joyce, ibid., 60 , 1489 (1938). 
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resolved. The polymcthylene bridge is capable of preventing the free 
rotation of the two nuclei, thus inducing in the molecule those properties 
resulting in asymmetry and hence in the possibility of optically active 
forms. The molecule containing eight m(!thylcnes in the chain has 
greater optical stability than that containing ten {n = 8, half-life 1955 
minutes; n = 10, half-life 1491 minutes at 23° in dioxane). The raccmi- 
zation process in these molecules is Jissumed to be largely concerned with 
slippage of the carboxyl groups past one another. On this basis, the most 
obvious explanation for the diiT(!r('nce in rates of i-acemization is that, 
the shorter the? bridge across the 5,5'-])()sitions, the less vigorous are ;t,he 
semicircular oscillations which the benzene nucha undergo about ;the 
bond joining them. 

Extension into Non-Benzenoid Ring Compounds 

The search for the presemee of stc'reoisoim'rism in certain substituted 
molecules containing rings of an aromatic but non-benzenoid type is a 
natural developmc'nt from the study of biphenyl compounds. Such a 
field includ('S compounds in the series of the plumylpyridines, bij^yridyls, 
phenylpyrroles, bipyrryls, phenylpyrazoh's, etc. The difficulty of 
synthesis, however, is a severe hindrance to the studj^ of these type's. 

Phenylquinones, Phenylpyrroles, Bipyrryls, Bipyridyls. In the' study 
of terphenyl derivatives two steienjisonu'i-ic diphenyhiuinones 
(LXXXIII and LXXXH'^) were obtained, and these (compounds repre- 
sent the first examples of a bijihenyl type of isomerism in com{)Ounds 
where one of the rings is not a la'iizeiu; nucleus. A simi)Ie ijhenykiuinone 
(XCI) W'as also resolved into optical enai)tiomor])hs.“- 

HO 2 CCII 2 0 



No phenylpyridines have as yet Ix'en resolv('d, but an optically active 
bipyridyl (XCIl) which racemizes with case was obtairKHl.'-*® Two salts 
with different rotations were obtxined from 2,3'-bipyjidyl-2',3-dicar- 
boxylic acid (XCIII).^^ 

«Ilill and Adams, ibid., 63, 3453 (1931). 

Woodruff and Adams, ibid., 64, 1977 (1932). 

Brydowna, Roezniki Chrm., 14, 304 (1934) ; [C. A., 29 , 2535 (1935)]. 
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Perhaps the most fruitful and interesting results in the field of binu- 
clear compounds other than biphenyls were obtained from the study of 




compounds of N-phenylpyrrole and N,N'-bipyrryl types. These types 
differ from all the (iompounds previously studied in which both pivot 
atoms ar(^ carbon. Substituted N-phenylpyrroles r(']jre.sent a class of 
bicyclic compounds with carbon-nitrogen linkages bi'twt'en th(^ rings, and 
substituted N,N'-bii)yrryls, a class with nitrogen-nitrogen linkages be- 
tw('en th(> rings. 

The compound XCIV was resolved and the active forms were found 
to bo <‘xc(‘edingly stable. Likewise, the optically active bipyrryls 
XCV proved to b(! unusually resistant to racemization.*® 


HO2C CHa 



IIO2C CHa 

=\ Cxla 

N— nCI 

IlaC CO2H 

XCV 


If the usual ('xplanation of the phenomenon in the biphenyl series is 
applied here, there, is restricted rotation b(*tween the benziuie ring and 
the pyrrole ring or Ix'tween the two pyrrole rings, owing to the inter- 
ference of the ortho groups. In tliis case, the three valences of each 
nitrogen must be assumed to be in a singki plane or at least to oscillate 
through a configuration in which the two rings an; coaxial. With these 
assumptions, more or less th(' same conditions should hold for optical 
isomerism in ph('nylpyrroles as in the biphenyl aeries; groups of proper 
siz(i substitut(‘d in the ortho positions and unsymmetrical substitut ion in 
each of the rings. Experimental facta have confirmed this view. It was 
impossible to resolve any of the following compounds; XCVI, XCVII, 
and XCVI II. These represent, examples of compounds with only two 
ortho substituents and an (ixamplc of symmetry in one ring. 

Bock and Adams, J. Ain. Chem. Soc., 63 , 374 (1931). 

Chang and Adams, i/uVi., 63 , 2353 (1931). 

Bock and Adams, ibid., 63 , 3519 (1931). 
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HO2C CHa HO2O CHs 



HO2C CHa 


xcvm 

i 

I 

If a fixed tetrahedral structure for nitrop:en and at the same time 
restricted rotation are assumed, formula XCIX might represent ithe 
appearance of such a molecule. Under these conditions unsymmetrical 
substitution in one ring only would be necessary to produce optical 
isomerism, but this does not agree with the facts (XCVlll). 



That optical isomerism m phenylpyrroles or bipyrryls might be due 
to an asymmetric nitrogen atom is also very improbable, first. b('cause ttf 
the lack of positive results of many investigators in resolving trivalent 
nitrogen compounds, and second because it is difficult to see how changes 
so slight as that from formula XCIV to formulas XCVJI and XCVIII 
would eliminate optical isomerism if it were due to the nitrogen. 

Analogous to N-phenylpyrroles are the N-phenylcarbazoles. It was 
found impossible to resolve C, which contains the symmetric^al 
carbazole ring, but optical isomers were readily obtained from Cl which 
contains the unsymmetrically substituted carbazole. 


NO2 




Patterson and Adams, ibid., 66, 1069 (1933). 
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Dipyrrylbenzenes. As the experimental results indicate that phenyl- 
pyrrole isomerism is very similar to that in the biphenyl series, an exten- 
sion is possible to dipyrrylbenzenes which should exhibit isomerism 
similar to that of the diphenylbenzenes. This was confirmed experiment- 
ally, and it was possible to distinguish the meso and the racemic modi- 
fications by resolution studit's.*® The diastereoisomeric forms of 
the TO-dipyrrylbenzen(\s (CII) were obtained. The h'ss soluble, pre- 
sumably the trans, form is racemic and was resolved into its highly active, 
stable enantiomorphs, while the more soluble, presumably as, form is 



meso and could not be resolved. The compound CIII, 4,4'-6fs-[l-(2,5- 

5?^COl.C2^6 


CII3 

=\ 

N- 


CsHsOoC 


0-0 


■N 

CH3 CH 7 


cm 


diinethyl-3-carbethoxy)-pyrryl]-biphenyl represents a second molecule 
of this type and was isolated in two stereochemical forms. Similar 
results were obtained with the corresponding 2,5-dim(!thoxy derivative.'®® 


Other Types of Compounds with Restricted Rotation 

The concept of rest ricted l otation has been applied experimentally 
to the stereoch(‘mistrj" of molecules other than biphenyls or bicyclic 
compounds. 

Carbon-Nitrogen Restriction. The prediction'®' was made that 
steric hindrance similar to that which prevents free rotation of the two 
nuclei in biphenyl might, be exhibited by peri-substituted naphthalenes 
((TV). The nitro derivative (CV) was resolved into rather easily race- 
mized enantiomorphic forms, whereas the unnitrated compound (CVI) 

•» Chang and Adams, ibid., 66, 2089 (1934). 

'®® Adams and Joyce, ibid., 60 , 1491 (1938). 

»»> Mills and Elliott, J. Chem. Soc., 1291 (1928). 
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could not be. This may be explained as molecular asymmetry due to 
restricted rotation about the C-N bond because of the collision of the 
RiR 2 N-group and the nitro group in the 8-position. No such obstacle 


R2 Ri 


\ / 
NO2 N 



CIV 


C6HbS02 CII2CO2H 

\ / 


NO2 N 



cv 


CaHB 802 CH2CO2H 


N 



cvi 


exists in the unnitrated compound (CVI), and hence thine is no optical 
activity. 

A second analogous illustrat ion of n^striiition is the j-esolution of 

evil in contrast to the non-rcsolvability of thi' coiresponding tertiary 
base (CVIII) or the corresponding 1-methylquinolinium iodide. 


CoHb 





5 


CeHsHOaN 



CVIII 


Mills and Kelham prepared a ,s(>rii!s of l-alkjd-acylamino-S- 
naphthalenesulfonic acids and resolved the.se corniiounds (C'lX). The 
acetylmethylamino deri\ativc posse.sscd so high a degree of optical 
stability that the analogously constituted compound (CX) of thi' binizene 
series was also studied. The brucine salts of compound CX showed 
mutarotation when dissolved in chloroform. An active sodium salt was 


R COR' 


\ / 



CIX 


CHs COCH3 

\ / 

N 

I 

Qso.h 

CH3 

CX 


Mills, Trans, Faraday Sac., 26, 431 (1930). 

103 Mills and Breckenridge, J, Chem, Soc., 2209 (1932). 

104 Mills and Kelham, ihid., 274 (1937). 
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also prepared which showed an initial [a] 546 i of +6.00°. It gradually 
racemizcd and gave a half-life period at 16.6° of 5.25 hours. 

Other molecules in which restricted rotation between a nitrogen 
atom and a ring carbon atom exists have been described. ThusN-benzoyl- 
4,6,4 -tribromodiphenylamine-2-carboxylic acid (CXI) and several other 
compounds of a very similar type were shown to possess very weak 
optical stability presumably due to restricted rotation.”^ 

More striking in properties are the compound N-succinyl-N- 
mcthylbromomesidine (CXI I) and the corresponding N-othyl derivative 



Clh 


Clh 



ClUCiHi) 

I 

N— COCHaCIIaCOOH 


CXII 


for their optically active forms possess remarkable stability in contrast 
to all the othei- previously d('scribed compounds (half-life of N-methyl 
9 hours; of N-ethyl 28 hours in boiling n-butanol).'®® Owing to the fact 
that no molecules containing an {isymmc'tric nitrogen atom have ever 
be('n obtaiiu'd, the asymrntitry in all these sub.stances has becni assumed 
to be due to restrict('d rotation. Confirmation of the soundness of this 
conclusion has be(>n obtained experimentally by (1) bromination of an 
oj)lically active form of compound CXII to an optically inactiv(! dibromo 
derivative (the second bromine; is substi tub'd in the va(;ant position in 
the benzene' ring) and (2) nitration of the same form to an optically active 
nitrol )romo de'rivative. 

Carbon-Carbon Restriction. Formulas CXIII and CXIV represent 
two forms of a substitute'el aromatic oxime.’®’ In the molecule of the /3- 



OH 

tt-form /5-form 

CXIII CXIV 


Jamison and Turner, ibid.., 1954 (1937) ; 1646 (1938) ; 264 (1940). 

10® Adams and Dankert, J, Am. Chem. Soc., 62 , 2191 (1940) ; Adams and Stewart, ibid.^ 
53 , 2859 (1941). 

10^ Meiscnlieiiiier, Theilackcr, and Beisswenger, Ann.. 496 , 249 (1932). 
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form of the ketoxime (CXIV), both the hydroxyl and the R groups have 
the possibility of colliding with the x and y groups on the benzene ring. 
Thus, the rotation of the radical R — C=NOH would be restricted and the 
compound could exist in antipodal forms. In the a-form (CXIII) there 
would probably be no interference between the hydroxyl group and the 
X and y groups, so that the molecule should not be resolvable. 

Experimentally, neither form of CXV could be resolved. Of the 
a- and /S-forms of CXVI, the a-form could not be separated into enantio- 
morphs. The /3-oxime of the same ketone (CXVI), however, yielded 
coniine, cinchonine, and strychnine salts, all of which exhibited mu1|aro- 
tation in pyridine; hence asymmetry of the molecules is inferred even 
though the optically active acid could not be isolabid. The correspfMid- 
ing ether (CXVII) formed a cinchonine salt which mutarotated in sdlu- 




exv 


O-form) 

CXVI 



i 

o 


CXVII 


tion and upon decomposition at 0° gave an aidive ether. The resolution 
of these compounds may be used as evidence for the correctne.ss of the 
Hantzsch-Werner theory for the stmeture of oximes, and offers a new 
instance of optical isomerism due to restricted rotation. 

The most recent work in the field of molecules with carbon-carbon 
restricted rotation has consisted of a study of certain substituted aryl 
olefins. Many such compounds have now been prepared and resolved. 
The same principles obtain as in the substituted biphenyls. Thus 
Mills and Dazelcy observed that o-(j8,j8-dimethyl-a-isopropylvinyl)- 
phenyltrimethyl ammonium iodide (CXVIII) was readily obtained in 
optically active forms, and these forms proved to be very resistant to 
racemization. Adams and co-workers have also succeeded in resolv- 
ing a variety of aryl olefins illustrated by the structures CXIX and CXX. 
The a-methyl derivative of CXIX showed no racemization in boiling 

Mills and Dazeley, J, Chem, Soc,, 460 (1939) ; see also Maxwell and Adams, 
Am. Chem. 62 , 2960 (1930). 

Adams and Miller, J. Am. Chem. Soc.^ 62 , 53 (1940) ; Adams, Anderson, and Miller, 
if)id., 63 , 1589 (1941) ; Adams and Binder, ibid.^ 63 , 2773 (1941) ; Adams and Gross 
unpublished results. 
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butanol while the corresponding unsubstituted derivative had a half- 
life in boiling butanol of 200 minutes. On the other hand, the com- 
pound represented by CXX racemized in solvents at room temperature. 

CHb CIL 


-NCCH.Oa-'I- 


CXVIII 


- c=c— coon 


OTT 

OIL I 1 

cirr^-c=c— cooH 


ciiA^^^n, 

Br 


This ease of racemization is undoubb'dly due to the decrease in the inter- 
ference arising from the difference in the size of the ring methyl and 
methoxyl groups. The /3-(2-methyl-l-naphthyl)-acrylic acids showed 
remarkable optical stability but were less stable than the corres])onding 
benzene derivatives. 

The n(!cessity of unsymmetrical substitution in such molecules was 
prov(;d experimentally in the a-methyl derivative (CXIX) by (1) bromina- 
tion of an oj)tically active form to give an inactive diljromo derivative 
(the second bromine entc'rs th(', vacant ring position) and (2) chlorosul- 
fonation of the same molecule to an optically active broinochlorosul- 
fonyl derivative. 

As yet no successful ('xperiments have Ix'en reported on the resolution 
of substituted diphenylmethancis, diphenylsulfones, or diphenylke- 
tones.*'®’ 

Carbon-Oxygen Restriction. Zu'gler and Ltittringhaus prepared by 
the high-dilution technique a variety of di('thers illustrabid by the 
general formula CXXI. They postulated that if the naphthalene nucleus 
were incapable of rotation within the many-membered ring, as would be 



CXXI CXXII 


deduced from structural models, optical isomerism should bo possibki. 
Ltittringhaus and Gralheer have demonstrated experimentally that 

Maclean and Adams, J. A^n. Chem, Soc., 66, 4683 (1933). 

Ziegler and Liittringhaus, Ann., 611 , 1 (1934). 

Liittringhaus and Gralheer, Naturwissenschafien, 16 , 255 (1940). 
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such isomerism may result from the entwining of a many-membered 
ring around an otherwise symmetrical structure. They resolved the sub- 
stituted benzoic acid (CXXII); its optical activity arises from the dis- 
position of the decamethylenedioxy bridge either above or below the 
plane of the benzene nucleus. The active forms were very stable. 


SUMMARY 

In the foregoing section, a general discussion has been given of mol('- 
cules which may be asyrninetric owing to n'strictc'd rotation about a 
single bond. The two essential prerequisites for occurrence of optical 
isom('rism in compounds of this type are: (1) restricted rotation o^ the 
planes of symmetry of the radicals about the pivot bond; (2) each ojftthe 
radicals united by the pivot bond has one and only one plane of sym- 
metry. 

The only important class of such substances which has been studied 
experimentally is that of the substitul.(‘d biplu'iiyls and n'lated com- 
pounds. The present status of this field can be summarized in the 
following four points : 

(1) The stereoisomerism of substituted biphenyls and related com- 
pounds differs from all other types of stereoisomerism in that 1h(' number 
of forms cannot be defined by a type formula, but depends upon the 
specific properties of the univalent subsl il.uents. 

(2) The resolution of certain substituted biphenyls and the non- 
resolution of others can be satisfactorily exi)laine(l on the assumption 
that the two benzene rings in a resolvable biphenyl possess a common 
axis but lie in different planes, owing to the restriction of free rotation 
about the axis by the ortho substituemts. The resulting configuration is 
asymmetric if the two rings are unsymmetiically substitut('d. The de- 
gree of restriction of rotation, as manifested by the ease of racernization, 
depends primarily upon the size of the ortho groups. 

(3) The phenomenon persists in terphenyl compounds and binuclear 
compounds other than biphenyls. 

(4) Restriction of free rotation about a single bond has been found 
also in properly substituted aryl olefins and arybamirK's. An aromatic 
diether where a naphthalene nucleus is incapable of I’otat.ion within a 
many-membered ring has been prepared and resolved. 
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PART IX. OPTICAL ACTIYITY OF FREE RADICALS, CARBANIONS, 
AND CARBONIUM IONS 

Compounds containing only three groups attached to a ccmtral carbon 
atom fall into three classes, depemding on the electronic distribution 
(pp. 585, 1928). The following formulas, Figs. 1, 2, and 3, indicate the 
three possibihtuis: 


R 

' R - 

— 

- R - 

R'rC- 

R':(’: 


R' :'c 

R" 

1 


R". 

Ji’lG. 1 

Fig. 2 


Fio. 3 


The studies which have been made on the oi)tical propc'rties of these 
radicals have not ytd. reached a final satisfactory conclusion. The 
student should realize that the; discussion in this (chapter merely repre- 
sents a summary of the evidence up to thc^ present time. Much of the 
material is controversial, and the conclusions drawn are to a certain 
extent matt.('rs of opinion. The; disc.ussion should be read, therefore, 
with an open mind in order to gcd. a general survey of the question of the 
optical activity of free radicals, (iarbanions, and <!arbonium ions. 

Free Radicals (p. 581). A free radical (Fig. 4) is produced by the 
thermal dissociation of hexaphenylethane in non-ionizing solvents. 


(C6H5)3CC(C6H5)a 2(CcTl5)3C- 

Fia. 4 


If three different aryl groups ar<* attached to the dissociating carbon 
atoms, tlu'n the fn'e radical should be capable of e.xisting in enautiomor- 
phic forms (Figs. 5 and fi), provided that the single electron which occu- 


Ar 



Fig. 5 


At 



Fig. 6 


pies one of the apices of th(' tetrahedron possesses the ability to keep the 
molecule optically stable. If it does not, then the molecules will racemize 
so rapidly that no optical activity can be observc'd. 

Wallis and Adams ^ actually found that treatment of a solution of U 

’ Wallis and Adams, J, Am. Chem. Soc., 66 , 3838 (1933). 
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phenyl-p-biphenyl-a-naphthylthioglycolic acid with triphenylmethyl 
caused the optical activity of the solution to disappear. Evidently the 
free radical, phcnyl-p-biphenyl-a-naphthylmethyl racemized as fast as 
it was formed. 

Karagunis and Drikos ^ studied the action of chlorine on phenyl- 
biphenyl-a-naphthylmethyl in carbon tetrachloride solution under the 
influence of d- and Z-circularly polarized light at two different wave- 
lengths, X = 4350 and X = 5890. The reaction apparently involves the 
free radical. Fig. 7, and atomic chlorine, jiroducing the triaryl chloride. 



Fig. 7 Fig. 8 


Fig. 8. The determination of the optical rolation of the solution at 
various intervals of time gave; tlui curves shown in Fig. 9. 



It will be noted that, at tin* end of an hour, tlui reaction products 
consisted of an excess of either d- or f-triaryl chloride, depending on the 

* Karagunis and Drikos, .Va^um-MsenRc/(o//c ft, 21, 097 (1933) ; Nature, 132, 354 (1933); 
Z. physik. Chem., 26B, 428 (1934). 
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kind of light used. Afl,cr the reaction had proceeded to completion, 
equal amounts of d- and Z-chlorido were present — hence, optical inactiv- 
ity. This asymmetric syn(h('sis is of interest since it is the only study of 
such free radicals. It was found that neither d- nor i-circularly polarized 
light had any effc'ct on either the triaryl chloride or on the free radical. 
The effect observed must hence be due to an acceleration of the reaction 
between the d- or Z-form of the frec^ radical and the activated chlorine 
atom. The work do('s not show that triarylmethyl radicals are optically 
active. The results may be interpi-eted, however, as indicating that the 
groups in a free radical are probably not planar. Up to the present 
time, no optically atjtive frc'c radicals d(‘finitoly belonging to the type 
shown in Fig. 1 liave been obtained. 

Several diff(;rent types of ri'actions have been investigated which may 
possibly involv(' a free radical of the tyjx^ shown in Fig. 1 as an inter- 
mediate. In all reactions thus far investigated, the final products have 
been optically inactive. 

The electrolysis of potassium Z-ethylm('thylacetate (Fig. 10) was 
found by Wallis and F. H. Adams ® to produce an optically inactive 3,4- 
dimethylhexane (Fig. 13). If the course of the reaction follows that 
indicated in the ^'actions below, the frc'e radical. Fig. 12, is an int('r- 
mediate. If this radical had been able to retain its asymmetry, then the 
combination of two Zerorotatory radicals should have produced the 
Icvo form of Fig. 13. The fact that the 3,4-dimethylhexane (Fig. 13) 


' 0 * 

CJI 3 


* 0 * 

CU 3 Y. 

• • • • • • 
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> 
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Fig. 10 
CIls CiU 

CaHelci : CtCzHs <- 


II 11 
Fig. 13 


CHs 

CzHfitC- 

ii J 

Fig. 12 


+ CO 2 


was optically inactive indicates that the radical did not retain its asym- 
metry. It should be noted that the octane (Fig. 13) may exist in a 
(ZZ and a meso form. The nature of the product was not determined. 

If a Wurtz synthesis (p. 539) is carri(>d out on an optically active 
alkyl halide, optically inactive hydrocarbons usually result. Thus, 

f Wdllis and F. H. Adams, J. Am. Chem. Soc., 66, 3838 (1933). 
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Wallis and Adams ® obtained the same optically inactive 3,4-dimethyl- 
hexane mentioned above (Fig. 13) by the action of sodium on d-2-bromo- 
butane (Hg. 14). 

CH3 CHs CHs 

I I 1 

2C2HBCnBr -h 2 Na -> C^Hb—CH—CH— C alls 
Wo = + 10.7° 

Fig. 14 Fig. 13 

The action of sodium on Z-a-bromobibenzyl (Fig. 15) also produced the 
optically inactive 1,2,3, 4-telraplienyll)utane.® (Fig. 16). I 

Br CcHb CbUs 

I Na II 

206115- CH—CHaC fills - — CfillBClla-CII— (Ul— ClIaCfillB 

Wo = - 270 

Fig. 15 Fig. 16 

The optical inactivity of the products of the Wurtz reaction indicati's 
that racemization occurred at some inti'rinediate stagi', since both the 
initial and final products wen* stable. 

If the radical (Fig. 18) formi'd by the action of sodium on tlu' alkyl 
halide racemizes rapidly then the hydrocarbon formed by the combina- 

R' R/ 

R— t:-Br -I- Ka- R— C- + NaBr 

1 1 

H 11 

Fig. 17 Fio. 18 

tion of two of these dZ-radicals would be optically inactive and consist of 
a mixture of the dl and mc.so forms. On the other hand, if a sodium 
alkyl (Fig. 19) is produced rapidly, it may react with the optically active 

It' R' 

I I 

R— C- + Na- R— C— Na 


11 H 

Fig. 19 

bromide (Fig. 17) to form a hydrocarbon which may contain some of the 
optically active form. 



OPTICAL ISOMERISM 


387 


R' R' R' R' 

I I II 

R— C— Br + R— C— Na R— (^— C— R 

I I II 

II II H H 

Fig. 17 Fig. 19 Fig. 20 

Aiitually Ott, * obtained optically active d-2,3-dip]ienyl butane (Fip;. 22) 
by the action of sodium on /-nK'thylphenylchloromethano (Fig. 21) along 
with some of tlu* wc.se form of the hydrocai’bon while the recovered 
chloride was racemized to some extent. 

CHs Clla CHa 

I I I 

2C6H6— C— Cl + 2Na -> CgIIs— C C— ColU + 2NaCl 

I I I 

H 11 11 

- - 50 27 ° - 4 20 21 ° 

Fig. 21 Fig. 22 

The formation of Ihe Gri^nard reagent from an optically active 
halide also results in an 0 ])tically inactive product (j). 516). Thus, the 
action of magn(\siuni on r/-2-])i*omo(‘)ctane (Fig. 23) results in the opti- 
cally ina(^tiv(' 2-octylmagiu‘sium bromide ^ (Fig. 24). analog}^ to the 
Wiirtz reaction, it might be possible that similar radicals are involved. 

CH 3 CTI 3 

I I 

Celli,.,— CHBr + Mg CcIIu— CIlMgBr 

Fig. 23 Fio. 24 

Also, when d- or /-2-chlorooctane was treated with lithium and the 
resulting 2-octyllithium carbonati'd, the acid obtained was oiitically 
inactive.^ 

With the exception of the expi'rirnents of Ott cited above, it is evident 
that racemization occurs when an organometallic compound is formed 
from an optically active halide in which the halogen is attached to the 
asymmetric carbon atom. 

The photochemical or peroxide catalyzed chlorination of d-l-chloro- 
2-methylbutane (Fig. 25) yielded optically inactive 1 ,2-dichloro-2-methyl- 
butane ® (Fig. 2(5). If the mi'chanism is that represented by the chain 

*Ott, Dcr., 61, 2124 (1928). 

® Pickard and Kenyon, J. ('hem. Soe., 99, C5 (1911) ; Schwartz and Johnson, J. Am. 
Chem. Sue., 63, 10(13 (1931). 

® Porter, J. Arn. Chem. Soc., 67, 1436 (1935). 

^Tarbell and Weiss, ibid., 61, 1203 (1939). 

8 Brown, Khiirascli, and Chao, ibid., 62, 3435 (1940); Kharasch, Kane, and Brown 
ibid., 63, 526 (1941). 
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reactions (a), (b), and (c), it is evident that the intermediate alkyl radical 
underwent racemization. 


(a) 

CI2 iFi; 2Cb 



CHa 

CHs 

(b) 

1 

C2H5— C— CH2CI + Ch C2H6- 

i 

H 

Fig. 25 

I 

-C— CH2CI 4- HCl 


CHs 

CH3 

(c) 

1 

Calls— C—CH2CI -t- CI2 -> C2H5- 

1 

-C— CHoCl + Cl- 
1 

Cl 


Via. 20 

Carbanions. If a pair of electrons ()ccui)ies the fourth valence of the 
central carbon atom rcesulting in the negative ion shown by Fig. 2, then 
such carbanions might exist in enantiomorphic forms if they are stable 
to racemization. 

Numerous studies of the salts of aliphatic secondary nitro compounds 
have been made to determine whether these com]3ounds constit.ute ('xam- 
plcs of optically active anions. The fact that primary and secondary 
nitro compounds exist in two tautomeric forms was (\stal)lished by th(' 
work of Hantzsch and Schultzci.^ The two forms of phenylnitromethane 
and their properties are shown in Table I. 


TABLE I 


CeHsCHsNOa 

Liquid 

Sta])l(; normal form 
Insoluble in Na 2 C 03 
No r<‘action with C’fillsNCO 
No eolor with FeCls 
Non-electrolyte 


0 

/ 

C6TT6Cn=N— OH 

Solid 
M. I'. 81° 

Labile nr/-foirn 
Soluble in 

Itcacta with (V,I1{,NC() 
Rod color with 
301ectrolyt(! 


The solid aci-iorm is obtained by the addition of acid to a cold solu- 
tion of the sodium salt, and readily tautomerizes to the normal nitro 
modification. , 

NaOII / 

RCHaNOz — > RCn=N— ONa 



RCH=N— OH + NaCl 


® Hantzsch and Schultze, Bcr., 28 , 099, 2251 (1895> 
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The change from the aci-form to the normal form may be followed by 
conductivity measurements. This summarizes the general status of 
these nitro compounds and their salts up to 1927, when Kuhn and 
AlbreeJit “ made the startling observ'ation that rf- or /-2-nitrobutane 
(Fig. 27) upon treatment with methanolic sodium methoxidc gave 
opti(^ally active solutions of the sodium salts (Fig. 28) (See Chart 1). 
Acidification of the salt regenerated a f)artially active nitrobutane, and 
bromination formed optically active 2-bromo-2-nitrobutane (Fig. 29). 


CIL 


CHART I 


CtL 


^ I N:iOCH3 I 

CdL,— C-NO« /CJL-CNOaNa 

I'l [a],, = H r. GOO 

[«|„ - + <» 1 1» / I'lG. 2S 

Fio. 27 k-/ 

CH., Cl 1 3 

CdL- NO. CjTL- NO 2 


Br 


H 


Fig. 29 


Since the Victor Mey(T reaction l3etween an alkyl halide and silver 
nitrite is known to i)rodu(!e an alkyl nitrite as well as a nitro-alkane, a 
soric\s of ex})eriiiieiits was carried out with d-, and /-2-bromo6ctanc. 
The o})tically active 2-octyl nitrite was separated from the active 
2-nitrooc.tane (Chart II). It was again ol)sorv(d that d-, and i-2- 
nitrooctane gave optically active salts which regenerated an optically 


CHART II 
Dextro Series 

CII3 CII3 

> CcIIis— i-Br 

1 

Jl 

[a]„ = + 10.23'' [all, = - =^3.10° [«lu = + 15.84“ [«]„ = + 8.17“ 

aedive compound upon acidifiealion. Bromination was also reported to 
[iroduce an optically active bromonitro compound. 

Branch and Jaxon-Dcelman, ,/. Am. Chem. Soc., 49 , 17G5 (1927). 

Kuhn and Allwcht, Ihr„ 60, 1297 (1927). 

12 Shrinor ancl Young, J. Am, Chnn. >Soc., 52 , 3332 (1930). 
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The resolution of phenylcyanonitromethane (Fig. 30) by means of 
brucine and conversion of this briuane salt into an optically active 
sodium salt (Fig. 31) was also reported in 1932. 


ON 

1 

CN 1 

— 

r CN 1 

CeHj-C-NOi > 

1 

j 

aiR-C-NOj 

(H Brucine)'*' > 

1 

OtHj-C-NOa 
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Fig. 30 Fig. 31 

All these observations led to a reconsideration of the older formulas, 
Figs. 32, 33, 34, for the nitro compounds and their salts. 


RCH 2 — N 


Fig. 32 


RCII=N— ONa 

Fig. 33 


RCH— N— ONa 

Fig. 34 


On the basis of the fundamental postulates of the electron theory 
(p. 1821), the formulas. Fig. 32 and Fig. 33, are impossibh?, since tliey 
would place ten elect rons in the vah'iice shell of niti'ogen. The classical 
formula. Fig. 33, pi'oposed liy Ni'f for the salts obviously cannot 
account for their optical activity, "^rhe stiucture. Fig. 34, originally 
jiroposed by Holleman and by llantzscii and Scliultze,® has always 
been regarded as a possibility, but never gimerally acc(',])ted, chiefly 
because the existence of such (iarbazoxy rings has never beim absolutely 
established. Figure 34 also does not satisfactoiily explain the ready con- 
version of the salts into the bromonitro compounds. 

Since 2-methyl-2-nitropropane does not form a salt with sodium 
ethoxide it is evident that the sodium alkoxide does not add to the nitro 
group. The electronic formula for the nitro compound is shown by 
Fig. 35 and the formulas for the salts by Figs. 36, and 37. The anion. 
Fig. 36, is optically inactive and would produce the d/-nitro compound on 
acidification. In Fig. 37, the a-c,arbon atom is asymmetric and treatment 
with acid would regenerate the original active nitro compound. 

The chief objection to such an assumption is the fact that racemiza- 
tion of the compound (Fig. 37) does not occur readily. Shriner and 

“ MiUs, J. ,Soc. Cham. Ind., 61, 750 (1!W2). 

« Nef, Ann., 280 , 263 (1804). 

HolJeman, Rec. trav. chim., 13 , 405 (1894). 
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Fig. 36 


Fig. 37 


Young suggested that it must bo stabilized by combination with the 
solvent, the anion forming a hj^drogen bond with the; etlianol (Fig. 38). 
Evidence supporting this concispt ha.s hem obtained by Ray and Palin- 
chak,^® who resolved 9-nitro-2-beiiz()ylfluorenc with bruiine. The brucine 
salt contained alcohol of crystallization, and hence this salt would be 
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Fig. 38 


Fig. 39 


represented by Fig. 39. Neither the free arf-9-nitro-2-benzoylfluorene 
nor its potassium salt was active. 

This (concept of an optically active carbanion, stabilized by solva- 
tion, seemed reasonabk; enough at the time (1927-1930) because other 
optically active com])ounds siudi as the sulfo.xides, sulhnic. esters, 
sulfilimines, and sulfonium salks were known whose electronic structures 
placi^d an umshannl pair of electrons at one apex of a tetrahedron. How- 
ever, the development of the theory of resonamie (page 1943) and its 
application to aliphatic nitro compounds leads to the view that the 
acidity of nitro-alkan(!S is a consequence of ixjsonance stabilization of the 

Ra^ and Palinchak, J, Am. Cfiem. Soc., 62, 2109 (1940). 



392 


ORGANIC CHEMISTRY 


anion produced by removal of the a-hydrogen. The resonance forms 
of the anion are shown by Figs. 40 and 41. In fact, it is postulated that 


r 

R-C-NO2 

H 


R' R' „ 

I I /O 

R-C-NOs R-C=N 

^ 0 ' 


Na-^ 


Fig. 40 


Fig. 41 


the contribution of struct ure 41 is more important than that of tlui struc- 
ture of Fig. 40. From the resonance staml]K)int, therefore, the salts 
derived from optically active secondary nilro-alkanes should be optically 
inactive. 

This anomalous situation has recently been cleared up by Kornblum, 
Lichtin, Patton and IfHand '' who havi; shown that the Victor Meyer 
reaction is more complicated than hitheito believed. For e.xami)le, the 
above investigators found that silver nitrite reacted with ?-2-l)rom()- 
(ictane to produce not only d-2-nitrooctan(! and (/-2-oclyl nitrite, but 
also d-2-octyl nitrate, d-2-octanol, 2-octanone and other by-products. 
Moreover, the d-2-nitro6ctane and d- 2 -oct 3 d nitrate distilk'd together 
and could not be separatcxl by fractionation. Treatment of the mixture 
of the two with aqueous alkali di.ssolved the nitro-compound but not the 
nitrate which was separated in the ojiticall^y active form. The solution 
of the salt of the d-2-nitrooctane was optically inactive. The iiure 
d-2-nitrooctane, obtained by treatmc'nt with cold 9G% sulfuric; ac;id 
which dissolved the nitrate, gave optically inactive salts upon trc!atmc-nt 
Avith sodium ethoxide and the bromonitrooctane prociueexi by bromina- 
tion was also optically inactive. A similar series of experiments was 
carried out starting with d-2-bromobctane and again the carefully 
purified Z-2-nitro6ctane gave optically inactive salts. Tt thus seems 
evident that the salts of secondarjf nitro compounds should be repre- 
sented by the resonance structures of Figs. 40 and 41, and that they are 
not examples of optically active carbanions. 

Kornblum, Lichtin, Patton and Iffland. J, Am. ('hern. Sac., 69, February (1947). 
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A totally different type of molecule containing the optically active 
negative ion shown by Fig. 2 has been postulated by Wallis ® as an 
intermediate in the following reactions which were carried out in liquid 
ammonia. 

The fact that the compound (Fig. 44) is optically active would 
require the intermediate ion (Fig. 43) to retain its asymmcitric configu- 
ration, and hence would indicate that the unshared pair of electrons acts 
as the fourth group at one apex of the asjTumetric carbon atom (*). 
The alkylsodium, Fig. 43, was not isolated. If its formation involves 
a mechanism similar to that discussed for the Wurtz reaction (p. 386), 
then it should be a racemic form. It is possible that complete conversion 
of Fig. 42 into the alkylsodium. Fig. 43, did not occur, and that the 



Ns 







Cdl/ ^'SCJbCOall 

Coll/" 

Na ColIsZ/l 

[a],, -48.5° 


Orange solution 

Wd - 11.7 

Fig. 42 


Fia. 43 

Fig. 44 


final optically ac'tive compound was produced by reduction of the 
thioglycolic acid cku’ivativc' upon addition of tlu; ammonium bromide; to 
the sodium in liquid ammonia. Even if this should be the case, the re- 
action still involves the leplacement of the — SCH 2 CO 2 H group on the 
asymmetric carbon atom by hydrogen, and means that the intermedi- 
ates, what(;ver they may be, retain their tetrahedral configuration. 

CJertain sulfones (lonstitute another class of compounds which react 
with alkalies to produce salts in v/hich the; negative ion is a carbanion. 
In ord(‘r that salts may be readily fomied, at least two sulfonyl groups 
should be attached to a carbon atom which carries a hydrogen atom. 
Thus, Shriner, Struck, and Jorison,’® from a study of the properties of 
methylenediphenyl disulfone, Fig. 45, concluded that salt formation 
leads to the carbanion. Fig. 46. These salts may be readily alkylated 


:0: H :0: 

CeHsrS: C :S:CbH 6+ NaOH 

:6: ii :6: 

# • • • 


:*6: H :(): 

C6H6:S: C :S .-Cells 
; 0 : : 0 : 


Na+ + H 2 O 


Fig. 46 


Fig. 46 


and brominated, but give no color with ferric chloride solution. The 
sulfonc. Fig. 45, does not react rapidly with bromine in carbon tetra- 

Shriner, ytruck, and Jorisoii, 62, 20G0 (1930). 
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chloride solution, and also gives no color with ferric chloride solution. It 
should be noted that in these molecules the oxygen atoms are attached 
to the sulfur atoms by semi-polar bonds, and hence no true enol forms 
may exist, since such a structure would place ten electrons in the valence 
shell of sulfur. Th(ise molecules constitute specific cases in which the 
residual negative charge of the carbanion undoubtedly resides on the 
central carbon atom. That this effect is due to the sulfonyl groups and 
not to the jjhenyl groups was shown by Shriner and Stutz from a 
study of methylene di-n-butyl disulfone. Arndt and Martius reached 
similar conclusions regarding the non-enolization of disulfonylmethanes. 
If the structure. Fig. 46, for thc'se salts is accc^pted, then a properly 
substituted unsymmetrical disulfone should yield salts of the structure 
shown in Fig. 47, which should be capable of existing in optically active 
forms. ■ 

: 0 ; R : 0 : 

R:H: C :*S^R' 1 Na+ 

: 0 : ** :(): 

Fig. 47 


The studies on the sulfones have involved the synthesis of properly 
substituted disulfom's in an optically active stab', and then conversion 
into salts in order to determine whether the salts, corresponding to Fig. 
47, were optically active. 

Kipping synthesized the disulfones shown in Figs. 48, 49, 50, and 


51. 


C5IT2Cf.Tl5 

HO 2 C SO 2 CHSO 2 AA CHs 




W' 


Fig. 48 


CTKCuTK 

n02C o S02CHH02Cn3 

Fig. 49 



SCbHb 

II02C^^~^S02CS02CH3 

CHa 
Fig. 51 


The first three of these compounds could not be resolved, but the 
fourth (Fig. 51) was n'solved into d- and Worms by means of brucine 
and 1-menthylamine. This disubstituted sulfone. Fig. 51, is quite stable 
to acids and alkalies. 

” Shriner and Stutz, ilnd., 66, 1242 (193.3). 

Arndt and Martius, Ann., 499 , 228 (1932). 

Kipping, J. Ckem. Soc., IS (1935). 



OPTICAL ISOMERISM 


395 


Kipping was successful in resolving the thiosuKones, Figs. 52 and 
54, into their optically active forms. Oxidation of the optically active 
forms, Figs. 52 and 54, produced the disulfones, Figs. 53 and 55, respec- 



Fig. 52 


CTIa _ 

no2C<^^ ^so.cjibo2<^ ^ 


Fig. 53 


Clin 

nQ2C^^~^S02Clls /^^ CHn 
Ji'io. 54 

CTtn 

H02C<^^^.S02C I 1802< ^^~^ C Hn 
Fig. 55 


tively, but these disulfones were always the racemic modifications. No 
optii^ally acti\'e disulfones containing at. h^ast one hydrogen on the 
central carbon atom could be obtaini'd. If both hydrogens were replaced, 
as in Fig. 51, then resolution was succes.sfnl, which indicates that, in the 
presence of the basic comiiounds used in the riisolutions, the carbanions 
of the tyiie shown in Fig. 47 are not stable. 

A study of the profierties of the compound. Fig. 52, showed that, it 
did not racemize in acetic acid solution or in sodium hj'^droxide solution 
as long as only one equivalent of alkali was present. If more than one 
equivalent of alkali was added, then raccinization occurred rapidly. 
Esterification of the compound. Fig. 52, produced the optically active 
methyl ester. Fig. 56. 

Treatment of this ester with small amounts of sodium methoxide 

CII 3 
!— S— < 
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Fig. 56 
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caused racemization, which indicated that the carbanion, Fig. 57, did 
not retain its asymmetry. 


CHs 


8O2— C— S— ^ 
Fio. 57 


Na+ + CH3OH 


Ashley and Shriner prepared ethyl Z-a-phenylsulfonbutyrate (Fig. 
58), and found that treatment with sodium ethoxide caused immediate 
racemization, even though the reaction was carried out at —10°. lOvi- 
dently the carbanion. Fig. 59, immediately racemized or tautomerized 
to the enolate ion. Fig. 60. The latter explanation appears more pi\ob- 
ablc. 

C2H5 

’ '^OCjHs L I '^OCjIbj 


CcIIeSOj- 


NaOCoHs 
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Fig. 59 
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Fig. go 
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In 1931, Gibson succeeded in synthesizing thn'e nnsymmetrical 
trisulfones with the structures shown in Figs. 61, 62, and 68. 


CellsSOax^ 
C2II5SO2— CH 

CllsSOi'^ 
Fig. 61 


06115802^ 

P-CII3C6H4SO2— CH 

CHsSOi^ 

Fig. 62 


t'6H68t)2v.^ 
CH3SO2 -CH 

S.-T-ChCsllsSOa/^ 
Fig. 63 


All three of these sulfones were distinctly acidic and ri'adily formed 
salts with alkalies. The brucine salt of the. compound. Fig. 61, was 
readily prepared and crystalUzed, but decomposition with ammonia 
gave an inactive salt. Attempted resolutions with the active hydroxy- 
hydrindamines also failed. The trisulfones. Fig. 62 and ]<’ig. 68, failed 
to produce crystalline salts with alkaloids, and could not Ix^ resolved. 

Certain rearrangements (p. 981) involving optically active radicals 
have been carried out. Jones and Wallis studied the Curtius nv 
arrangement, and Wallis and Nagel “ the Hofmann rearrangement of 

** Ashley and Shriner, J. Am. Chem. Soc., 64 , 4410 (1932). 

Gibson, J. Chem. Soc., 2637 (1931) ; Chem. Rev., 14 , 431 (1934). 

Jones and Wallis, J. Am. Chem. Soc., 48 , 169 (1926). 

26 Wallis and Nagel, ibid., 63 , 2787 (1931). 
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optically active azides and amides. The reactions are summarized in 


Chart IV. 

CHART IV 


CHa 

CHa 

Clla 

CaHaCIL— (^— -> 

1 ^Na 

CaHaCIIj— C/^ / 

1 ^N< 

— CallaCIIa— d;— N=C==0 
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11 \J 
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Wi, = + 30.77“ 
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CHa 

CHa 

CcHaCHa— -> 

1 ^NIL 

C,,H6CHa— (*)— c/^ / 

1 ^N< 

H \J 

-> CcHsCHa—d:— NHa-HCl 

1 

II 

H 

[«]„ = + .38.91“ 


= + ic.o“ 


The point to b(' noted is that, in the rearranf?em('nt of the intermedi- 
ate compound in the brackets, the asymmelric carbon atom must de- 
tach its('lf from the carbon of the carbonyl group and attach itself to the 
nitrogen atom. The fact that the final amimi is optically active means 
that the int('rnu'diate retairu'd its asymmetry. It api)ears that the 
optically active radical migrates with its pair of electrons without ever 
actually separating a.s a carbanion. Recently Lane and Wallis have 
found that the Wolff rearrangement of optically active diazoketones 
also produces optically active products provided that no enolizable a- 
hydrogen at om is present. 

Carbonium Ions. Many investigations have been carried out which 
have had for their primary purpo.sos the elucidation of the question of 
the optical stability of carbonium ions and the mechanism of the reac- 
tions involved. A largo number of such replacement reactions was 
studied in connection with the Walden inversion. Biilmann,^’ for 
example, represents the formation of the active lactic acids from the 
opti(^ally active^ rt-biomojiropionic acids by th(' following cqiiations, and 
ascaibes the; failure of the intermediates to racemize to the charges on the 
dipolar ion (p. 1088) (Fig. 64). McKenzie and Clough^* and later 


Br 
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CHs— CHCOall + Ag+[OH] 
OH 


(OHl- 
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LCHs— CHCO 2 J Ag+ + H 2 O 


i 


LCHa— CII— CO 2 J LCH 3 -CHCO 2 J + AgBr 

Fig. 64 


I.anc and Wallis, J. Org. C/irm., 6 . 443 (1941). 
Biilmann, A7in., 388, 330 (1912). 

McKenzie and (Plough, J. Chern. Soc., 103, 687 (1913). 
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McKenzie, Roger, and Wills after reviewing numerous reactions con- 
clude that the free electric charge can stabilize the configuration of a 
tercovalent carbonium ion. 

Kenyon and Phillips studied the rearrangement of the active 
sulfinic ester shown in Fig. 65. The product of the rearrangement was 
the optically inactive sulfone, Fig. 68. 
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The rearrangement occurs spontaneously, and no reagents are in- 
volved, hence the process may involve a momentary si'paration into the 
positive carbonium ion, Fig. 66, and tlui negative sulfinati! ion, Fig. 67. 
In the starting material both the carbon and sulfur atoms are centers of 
asymmetry, but dissociation causes the formation of the symmetrical 
sulfinate ion (Fig. 67) so the sulfur loses its asymmetry. Since the sulfone 
was inactive it follows that the carbonium ion also underwent racemiza- 
tion. 

Some of the most, interesting types of carbonium ions are the halo- 
chromic salts which an' produced when triarylcarbinols are dissolved in 
strong mineral acids. Tlu'se .salts, which may be isolated in the solid 
state, are fornu'd by tiu' ('limination of a molecule of water from the 
carbinol and the acid. They are ionic compounds, the positive charge 
appearing on the carbon atom, and hence are called carbonium salts. 
For example, triphenylcarbinol yields a colon'd salt, with sulfuric acid 

(C6H5)3Coii + 111.SO4 — [(Cell 5)3C]+ [soar J--1- H 2 O 

and the tri-p-methoxy derivative yields a salt (!ven with aqueous hydro- 
chloric acid. 



COH + HCl 



Cl- + H 2 O 


McKenzie, Roger, and Wills, ibid., 779 (1926). 
Kenyon and Phillips, ibid., 1676 (1930) 
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It should be noted that these salts are separate and distinct com- 
pounds in contrast to triphenylchloromethane, (C 6 H 5 ) 3 CC 1 , which is not 
colored and not a salt. It does form a colored carbonium complex with 
aluminum chloride with the formula [(CoHslsC] [AlCb]". Since the 
salts are highly colored it is probable that tautomerizatioii to a quinoid 
form occurs. 


[(CoH 5 ) 3 C]+ [SOJI]- 



CaTl5~ 

Cells' 



[SO 4 H]- 


The preparation of optically active triarylmethane derivatives is 
very difficult, and only a few siKih compounds arc knoum. Wallis 
prepared and r(!Solved ijhenylbiphenyl-a-naphlhylmtilhylthioglycolie, 
acid (Fig. 69). Gomberg and Gordon showed that the halochromic 
salts of this active triaryhm'ihane' derivative ai’c optically inactive. 

Wallis and Adams* made' the intea’csting observation that silver 
nitrate in aque'ous acetone solution converts the compound, Fig. 69, 
into an optically active cai'binol. The interuK'diate may be the positive 
carbonium ion, Fig. 70, and imrst rr'tain its asymmetric configuration 
in order to produce the active carbiitol. Fig. 71. 
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McKenzie, Roger, and Wills ** have carried out a semi-pinacolinic 
deamiiration of an optically active amino alcohol. The transformations 
may be indicated as follows: 
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31 Wallis, J. Am, Chem. Soc., 63, 2253 (1931). 

3’“^ Gomberg; and Gordon, ibid,, 67, 119 (1935). 

33 McKenzie, Roger, and Wills, J. C/w; 7 ».jSoc., 779]( 1926) ; Roger and McKenzie, Bcr. 
62, 272 (1929). 
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Here the intermediates retain their asymmetry even during the 
migration of the phenyl radical. The stabilization of the intermediate 
radicals is ascribed to the charges present. 

The pinacol-pinacolone rearrangement has also been studied by 
McKenzie, ^ who succeeded in obtaining optically active ketones from 
active glycols, as indicated in the following reactions: 
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The intermediates apparently retain their asymmetry and may con- 
tain a carbonium carbon but the exact mechanism has not been estab- 
lished. 


PART X. OPTICAL ISOMERISM OF ELEMENTS OTHER THAN CARBON 

The general 'principles outlined in the previous discussion of carbon 
compounds apply equally well to compounds containing other elements. 
For optical isomerism to exist, the molecule must be asymmetric, and 
this asymmetry may be achieved by the general structure of the entire 

McKenzie, J, Soc. Cheni, Jnd., 60 , 926 (1931). 
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molecule or by an individual asymmetric atom. As has been indicated 
in the introduction, optical isomers of compounds of many elements are 
known. The synthesis and resolution of these asymmetric molecules 
have almost always involved the presence in the molecule of substituted 
hydrocarbon groups or radicals, and hence they are of interest and 
importance to the organic chemist. 

The elements which give rise to optical isomerism in their compounds 
may be classified into three groups according to whether the spatial dis- 
tribution of their valence forces is tetrahedral, octahedral, or planar. 

Elements with a Tetrahedral Distribution of Their Valencies 

The tetrahedral group will be consid(jred first, and the isomerism of 
compounds of each element discussed. In fact, it is the existence of 
optical isomt'rs of the compounds of these elements which has led to the 
conclusion that their valencies arc tetrahedrally distributed. Such ele- 
ments are: 

Si, N, S, Sc, Te, Sn, Gc, P, As, B, Be, Cu, Zu, Pt, Pd 

Silicon. This elemcmt is in the same group of the periodic table 
as carbon, and is tetravalent. It forms a series of hydrides or silanes, 
SiH 4 , Si 2 HG> Si^Hs, and Si 4 lIio, analogous to the paraffin hydrocarbons. 
Various alkyl silanes have been prepared, and if the four groups are dif- 
ferent the silicon atom becomes asymmetric and optical isomers become 
possible!. In 1910, C’halkinger and Kipping ^ prepared and resolved the 
tetrasubstituted silane shown in Fig. 1 by crystallization of the brucine 



salts. In earlier investigations* the more complicated silicon com- 
pound shown in Fig. 2 was prepared. It should exist in two inactive 


CaHs Cilh 

HOaS^^CHa-Si— O— Si-CHj^^SOsH 

C3H7 isHj 
Fra. 2 


^ Challenger and Kipping, J. Cheni. Soc., 97 , 142, 765 (1910). 

2 Kipping, ibid., 91, 209 (1907) ; Luff and Kipping, ibid., 93, 2090 (1908). 
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forms corresponding to a meso and a racemic modification. Evidence in- 
dicating the resolution of a form corresponding to the latter into the d- 
and Worms was obtained by means of the d-methylhydrindamine salts. 
From a stereochemical point of view, therefore, this compound is anal- 
ogous to tartaric acid. 

Nitrogen. The stereochemical nature of nitrogen in its compounds 
has been more thoroughly investigated than that of any other ele- 
ment with the exception of carbon. Numerous arguments and discus- 
sions concerning the distribution of the valencies in trivalent and so- 
called pentavalent nitrogen compounds have appean^d in the literature, 
and many spatial models of the nitrogen atom have been proposed] In 
the light of present-day knowledge of molecular structure, much of ^his 
material is now incorrect. Hence, the discussion of the stereoisomerism 
of nitrogen compounds which follows is not entirely an historical r6suih6, 
but an attempt to set forth the modern viewpoint and to interpret the 
past experimental evidence. 

Trivalent Nitrogen Coni'pounds. The electronic; formulas for ammonia 
and a tertiary amine are shown in Figs. 3 and 4. If the nitrogen atom is 

H 

h:n: 

• ft 

H 

Fig. 3 

tetrahc'dral, then a tertiary amine with three different groups should be 
capable of existing in the optically isomeric forms shown by Figs. 5 and 6 
in which the nitrogen atom is represented by the tetrahedron. The three 
different radicals are placed at three of the apices, and the fourth ai)ex 
contains the unshared pair of electrons. 

The history of the attempts to resolve trisubstituted nit rogen com- 
pounds is a long, interesting chapter in organic chemistry. In fact, tlie 
early investigators were doomed to disappointment beffore they started. 
They attempted to resolve ethylbenzylamine, benzylhydroxylamine, 
methylaniline, tetrahydroquinoline, and tetrahydropyridine, which arc; 
secondary amines (Fig. 7) and form salts having symmetrical cations of 
the ammonium type (Fig. 8) and, therefore, are not resolvable. These 
early investigators regarded the nitrogen in ammonium salts as penta- 
valent, and all valencies equivalent. In these early attempts, d-tartaric 
acid was used exclusively as the resolving agent. 
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This error, however, was quickly rectified by later investigators who 
attempted to resolve the following tertiary amines: methylethyl-j3" 



naphthylamine, raethyl-n-propylaniline, benzyl-p-nitrobenzylhydroxyl- 
amine and kairolin by means of d-camplior-lO-sulfonic acid or d-3- 
bromocamphor-8-sulfoui<! acid. The results were totally negative. 

Wedekind and Klatte ’ studitid the d-camphoi-lO-sulfonic acid 
and d-3-bromocamphor-8-sulfonic acid salts of l-phenyl-2,3-dimethyl- 
4-(methylethylamino)-5-pyrazolon(', (Fig. 9), and l-phenyl-2,3-dimethyl- 
4-(raethylbenzylamino)-5-pyrazolone (Fig. 10). 
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Although fractional crystallization of these salts showed changes in the 
rotatory values of the fractions, decomposition of the salts gave only 
the inactive bases. 

Up to this time practically all the attempts to resolve trisubstituted 
nitrogen compounds had been carried out by addition of the active acid 
to the “asymmetric” nitrogen atom to produce the salt. Other investi- 
gators, realizing that this was undesirabk*, used a group other than 
that of the “asymmetric” nitrogen atom as the ri'solving substituent. 
This modification gave only negative results since the d-tartrates of 
p-tolylhydrazine ^ (Fig. 11) and benzylphenylhydrazine ® (Fig. 12) could 
not be resolved. Jones and Millington ® using d-camphor-lO-sulfonic 

^ Wedekind and Klatto, Bcr.f 60 , 2325 (1927). 

4 Kraft. Bcr., 23 , 2780 (1890). 

® Behrond and Kiinig, An7i.^ 263 , 184 (1891). 

® Jones and Millington, Proc. Cambridge Phil, Soc. 12 , 489 (1904). 
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acid in place of tartaric acid, repeated the attempt to resolve benzyl- 
phenylhydrazine, without success. They also prepared methylethyl- 
anilinesulfonic acid (Fig. 13) which could not be resolved with brucine. 
Meisenheimcr ^ and co-workers were unable to resolve N-phenyl-N-p- 
tolylanthranilic acid (Fig. 14) and N-phenyl-N-a-naphthylanthranilic 
acid (Fig. 15) into their antipodes through the strychnine, brucine, 
morphine, and quinine salts. 


CaH 


CeHs— CH2\ 

CIl/ >— Nil— NHa >N— NII2 

CellB^ 


\=/ 


Fra. 11 



Fig. 12 


SO3H \ 
Fra. 13 


CO2H 



CHs 


Fra. 14 



CbHb 

C 10117 (a) 

Fig. 15 


All the sulfonium salts which had been resolvc^d contained the 
— CH 2 CO — grouping, and as a consequence Meisenheim(!r ’’ and C!o- 
workers prepared a number of amines of the type A'7 j!"NCH 2COR in 
hopes that they would be resolvable. However, the d-3-bromocamphor- 
8-sulfonic acid salts of N-methyl-N-ethylacetonylamine (Fig. 16), 

CH3 CII3 

'^N-CHzCOCHs '^N-CHzCOCeHs 

Fig. 16 Fra. 17 



CHzCOCHa 

Fra. 18 



injCOCeHs 

Fra. 19 


N-methyl-N-ethylphenacylamine (Fig. 17), N-acetonyltetrahydroquino- 
line (Fig. 18), and N-phenacyltetrahydroquinoline (Fig. 19) gave com- 
pletely negative results. 

’ Meisenheimer, Angermann, Finn, and Vieweg, JSer., 67, 1745 (1924). 
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By analogy to the oximes, Dcnner ® believed that unsymmetrical 
hydroxylamines of this type would be capable of rc'solution. His en- 
deavors to prepare active methylethylhj’^droxylamine (Fig. 20), methyl- 
benzylhydroxylamine (Fig. 21), or methylbenzyloxy-p-ariilinesulfonic 
acid (Fig. 22) were not successful. 


CH 
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N— OH 


CH.r 

CelHClIj- 


N— OH 


Fig. 20 


Fig. 21 


N— OCHaCells 



SO3H 
Fig. 22 


Kipping and Salway ® introduced still anoih('r modification in the 
hope of gc'tting some evidence for the existence of an oi)tically active 
trivalent nitrogen alom. By using df-methylbcnzylacetyl chloride (Fig. 

23) and condensing il with primary and secondary amines, they hoped 
to be able to separate the two diasten'oisomers that would result (Fig. 

24) . The amides thus investigated were those prepared from methyl- 


Cr,n„CII 


OIL R CII3 
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-C -C -Cl + 2R'- N -> CclLCIIa— C -( 
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-N— R+ [RR'NHd+Cl- 
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Fig. 23 


Fig. 24 


aniline, p-toluidine, benzylaniline, and phenylhydrazine. In no case 
were the invest, igatoi's alrh; to isolatcr the two forms. Frei-ejacque,'® 
using d-camphor-3-sulfonyl chloride in place of the dZ-mcthylbenzyl- 
acetyl chloride, attemirted the same sort of separation by preparing the 
amides of ethylaniliiw’, and 0 - and p-toluidines, but no isomers could 
be isolated. 

Inspection of the formulas of 2-inethyldihydroindolc (Fig. 25), 6- 
methyltetrahydroquinaldine (Fig. 26), tetrahydroquinaldine (Fig. 27), 




Fig. 27 



® Deniier, Dissertation, Tubingen (1930). 

® Kipping and Salway, Chem, Soc,, 86 , 438 (1904). 

Frerejacque, Compt, rend,^ 187 , 894 (1928) ; Ann. chim.^ 14 , 207 (1930),^ 
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and their acyl derivatives shows that they contain an asjTnmetric carbon 
atom, and also an “asymmetric” nitrogen atom. Two racc^mic forms 
or four optical i.somors should exist. The fractional crystallization 
of the d-camphor-lO-sulfonic acid and d-3-bromocamphor-8-sulfouic 
acid salts was studied by Pope,” and found to result in the production 
of two active forms only, which ani due to the asymmetric carbon 
atom. 

Hayashi prepared a compound (Fig. 28) in whi(!h all thn^c va- 
h'nces of the nitrogen atom were tied up in a complex ring system. At- 
tempts to resolve this compound wen^ unsu(^cessful. 



Groth and Holmberg pix'pared 2-lhion-4-mptl)yllhiazoline-.‘>- 
acetic acid (Fig. 29), but could not resolve it with d-phenylethylamiiK' 

S 


< 


C N— CII2CO2H 

I 

CII=C— CTI3 
Fig. 29 


Stewart and Allen ” studied th(' resolution of tertiary amines at 
very low temperatures, but were unable to resolve ethylbenzylaniline^ 
with either d-camphorsulfonic acid or d-bromocamphorsulfonic acid 
at —78° C. 

If the configuration of the mok'cule could be fixed, them resolution 
should be successful. The possibility that heavy negative groups, 
vsuch as acyl or sulfonyl, would be less mobile than alkyl or aryl groups 
led Schreiber and Shriner to pnipan; tlu' following unsymmet.i-ically 
substituted p-phcmylenediamine derivat ives (Figs. 30, 31, and 32) and to 
study their resolution by means of d-camphor-lO-sulfonic acid. In 

" Pope and Clark, J. Chem. Soc., 86, 1330 (1904) ; Pope and Beck, ibid., 91 , 458 
(1907) ; Pope and Read, ibid., 97 , 2199 (1910). 

Hayashi, Bull. Inst. Phys. Chem. Research (Tokyo), 9 , 970 (1930), 

13 Groth and Holmberg, Ber., 66, 289 (1907). 

Stewart and Allen, J. Am. Chem. Boc., 64 , 4027 (1932). 

^3 Schreiber and Shriner, ibid., 57 , 1306, 1445, 1896 (1935). 
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these compounds, salt formation takes place at the fre(i p-araino group, 
and hence salt formation should not disturb the spatial arrangement 
about the tertiary nitrog(ui atom. 


CHjCO 


Xn/"' 


SOaCoIL CoHjSOix 


'-N' 


.SOjCIIa CoHtSOox 




/S02CJl4CH3(p) 



NIL 
Era. 30 



NIL 
Fia. 31 



NII2 
Fig. 32 


These salts w(Te shown by analysis to consist of one niol(' of the base 
and one mole of the d-camphor-lO-siilfonic acid. Upon studyinp^ the 
optical rotation of these salts it- was discoverc^d that m(dhanol, ethanol, 
or chloroform solutions of these compounds exhibited mutarotalion. 
This mutarotatioii (r/. p. 307) was shown to be due to a ri'action of the 
primary amino group with t-h(' keto group of the ^Z-camphor-lO-sulfonic 
acid forming kelirniries. Decomposition of the salts or ketimines always 
gav(' optically inactive products. 

Fractional crystallization of the brucine salts of the substitutc'd imide, 
Fig. .‘>3, also failed to yield diastereoisomeric salts. The compound, 
Fig. 34, N-(/-menthoxyac(4yl)-saccharin, contains thn^e acyl groups 



attached to the nitrogem. Fractional crystallization failed to yield 
diast ereoisomers. 

J^'rom ivcvnt studies on the resonance (p. 1950) of electrons between 
differcait atoms in a compound, Pauling has sugg(\st(Kl that com- 
pounds having phenyl or acyl groups attaclu'd to nitrog('n may not be 
resolvable', owing to resonance betwee'n tlu' unshared pair of ('lectrons 
on the nitrogen and the adjace'nt unsaturated groupings (Fig. 35). 

R R 


R:N: R:N 
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Pauling, J. Chertu Phys., 1, G06 (1933). 
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Mumm and Horrcndorfcr reported the isolation of two racemic 
forms of the dicyanodihydroquinoline to which were assigned the 
structures shown in Figs. 36 and 37. The compounds were produced by 
the action of cyanogen bromide and hydrogen cyanide on quinoline. 

jN^ 

I 

CN 

Fia. 37 

Pjiirs of isomcrides wore also obtained with 3-methylqiiinoIiiic, 
6-methylqiiinoliiie, (i-niothoxyquinoline, and /5-naplithaquin()line. Both 
the isoima’ides of Figs. 30 and 37 gave qiiin()lin('~2-(^aii)oxylic aci(l upon 
treatment with hydr()e]ilori(^ acid at 150°. Both isomers yielded 2- 
cyanoqiiinoline by the .action of iodim^ in chloroform in the pr('S('hce of 
sodium ac('tate. Iodine in alcoholic pyridine solution converted them 
into the same apocyanine dy(' (Fig. 38). 

CN 



The continued persistence in the attcmipts to resolve a tri valent 
nitrogen compound, in vi('w of the astonishing nurnlxT of failun^s, can be 
accounted for only by the convincing, indii’ect evidence for the tetra- 
hedral structure of the nitrogen atom. This evidences may be summa- 
rized briefly. 

The tetrahedral structure of the nitrogen atom is indicatc'd by the 
classes of compounds known as nitriles (Fig. 39) and the diazonium salt s 
(Fig. 40). Since the tetrahedral structure for tlu‘ carbon atom is well 
established, the ease of formation and stalality of the nitrik's in which 
three valencies of carbon are attached to three vakmcies of nitrogen is 
indicative of a tetrahcxlral structure for nitrogen rather than a planar one. 

Mumm and Herrendorfer, Bcr,, 47 , 75S (1914). 

Mumm, Ludwig, Lu, and Iladenhausen, Ann,, 614 , 34 (1934). 
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In the second place, it is well known that a nitrogen atom may be 
substituted for a =C1I — group, or an — NH — group for a — CH 2 — 

[Ar : N : 

-1+ 

Ar <^ I X- 


Em. 39 Fig. 40 

radical. Such subst itution may even produce* an increase in the relative 
stability of the analogous compounds. This is well demonstrated by 
comparing benzene and pjTidiiic (Fig. 41), hexahydrobenzene and 
piperidine (Fig. 42), cyclorx'iitadiene and pyrrole (Fig. 43). It appears 
to bo logical that, if a tetiahe'dral group is rei)laced by a second group 
W'ithout a decided change in stability of the resulting compound, the 
second group must be tetrahedral or nearly so. Such compounds as 
the tetrazoles. Fig. 44, could not possibly form if the bonds of the ni- 




Fig. 41 Fig. 42 Fig. 43 Fig. 44 


trogen atom all lie in the saiiu^ plane. Ri'cently it has been shown 
from x-ray data that the nitrogen atom in lu'xametbyleiK'tetramine 
(Fig. 45) lies at the peak of a three-sided jiyramid w’ith a carbon atom 
at each cornc'r of the basi*. The presence of the nitrogen atom in a 
compk'x ring system of the quinuclidine tyjie (Fig. 46), or in such com- 
pounds as those shown in Fig. 47 and Fig. 28, makes it almost imperative 



Fig. 45 Fia. 46 Fig. 47 

that the nitrogen atom be tetrahedral, since these compounds are verj 
stable. 
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In contrast to the fact that no trivalcnt nitrogen compounds have 
been resolved are the numerous pairs of syn and anti oximes (Figs. 48 
and 49) which can be explained only on the basis of a tetrahedral nitro- 
gen atom. The resolution by Mills '* and his students of the compounds 
shown in Figs. 50, 51, 52, 53, and 54 is further proof that the three 
valencies of the nitrogen arc not coplanar. The oxime. Fig. 50, would 
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possess a plane of symmetry if the hydroxyl group extended straight out 
coaxially with the carbon-double-boridi^d-nitrogen linkage. 

Consideration of the physical properties of ammonia, the amini's, 
and other trivalent nitrogen compounds also points rather conclusively 

" Mills and Bain, J. Chem. Soc., 97, 180G (1910) ; ihid., 106, 04 (1914) ; Mills and 
Saunders, ibid., 537 (1931); Mills and Schindler, ibid., 123, 312 (1923). 
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to a non-planar arrangement of the nitrogen valencies and supports the 
tetrahedral structure.-^ Ammonia and the amines possess considerable 
dipole moments which are most ix^adily explained on a b'trahedral basis. 
The principal momcaits of inertia of the ammonia molecule have been 
calculated from studies on its infra-red absorption spectrum, aTid thes(^ 
data indicate a tetrahedral sha})e. The exact dimcmsions of the ammonia 
molecule have been determined : the perpendicular distance from the 
nitrogen to the (ienter of the face is 0.34 to 0.30 A, the length of the N“H 
distance is 1.01 A, and the distance ])etween any two hydrogen atoms is 
1.64 A; the angle between the nitrogen valencies is 108 to 109.5°. Studi(\s 
on the cryst.al structure of solid ammonia by x-ra 3 "s and theoreti(*al 
calculations point to a tetmh(^dra] arrangermait. Also, the dipole- 
moment studi(\s and observations on the vibraXion sp(H*tra of hydra- 
zine indicate a non-planar arrangement of th(^ valencies of the nitrogen 
atoms. 

Since all the foregoing chemical and physical evidence points so con- 
clusively to a non-planar arrangement of the valencies of trivaUnt nitro- 
gen compounds, it seems that the failure to resolve suitably substituted 
derivatives of ammonia must b(' due to some particularly (\asy mode of 
racemization by a nunhanism which reejuires wry little energy. 

Meis(nh(‘imer l)ointed out that passage of tluj nitrogen atom of a 
compound NIIR/R" through the plane of the three substituents, R, R/, 
and R", would ])i‘ 0 (luc(' the' enantiemien'phie* form. If I’apiel vilmation 
b('twe‘en the two positions shown in Figs. 55 and 56 takes place, only 



In many papers, trivalent nitrogen coinponnds are designated as pyramidal, the 
\inshar(‘d pair of electrons being disiegarded. Thin is merely a matter of nomenclature; 
the vi(‘wpoints are identical. Cf- ‘‘()rganic Chemistry of Nitrogen,” Sidgwick, Taylor, 
and Baker, Oxford Univ. I’jess (19117), p. 38. 

Migeotte and Barker, J'hy.s. Hev,, 60 , 418 (193G) ; Wright and Randall, ibid,, 44 , 
391 (1933). 

22 Mark and Pohland, Z. A'rt.s/, 61 , 532 (1925) ; de Smedt, Ra//. sci, acad. roy Belg., 
[5] 11 , 655 (1925). 

2 ‘^ Penney and Sutherland, J . Chem. Phys.^ 2 , 492 (1934). 

24 Audrieth, Ncspital, and Ulich, J. Am. Chrm. Soc., 65 , 673 (1933). 

ImELiiishi, Sci. Papers J nM. Phys. Chem. Research {Tokyo), 16 , 1 (1931); Sutherland 
NaUire, 126 , 916 (1930). 

26 Meisenheimer, Angermann, Finn, and Vieweg, Ber., 67 , 1747 (1924). 
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racemic modifications would result. A side view of this vibrational 
process is shown in Figs. 57, 58, and 59 in which the dots represent the 
three substituents on one face of the tetrahedron. 



Fig. 57 Fig. 58 Fig. 59 


Such a vibration of the nitrogcui atom offers an explanation o^ some 
of the doubh^t structure of many of tlu; lines in the absorption .speckra of 
ammonia."^ Wall and Glockler-** hav(' found that the tln'oretical and 
calculated values for the doublet separations for the parallel typd fre- 
quencies of mono-, di-, and tridiiutero ammonias agree very well on the 
basis of such a vibration of tlii' nitrogen af.om. 

Calculations of th(i energy requir'd to cause tin; nitrogen atom to 
pass through the plane! of the hyeh'oge'ii atoms have be'on made!. 'I’he 
values^*'-®’*® obtained ninge from a low of 0 ke-al.®® to a high of 11 
kcal.®® per mole. Feir rese)lution to be possilile at roeim tempe'rature AE 
should be greater than 25 kcal. pe!r mole. It thus appears that the 
resolution e)f an amine of the t 5 qie NRR'R" is impossilile at re)e)m tem- 
perature. On the either hand, the! aeitivatiein enea-gy feir N-methyl- 
ethyleneimine was e!alculate'd to be 38 kcal. ])er mole', anel thus a resolu- 
tion of a preiperly substitute'd ethyle!ne!imine! ajipears jieissilile.®® The 
resolution of compeiunds of the typees shown in Figs. 00. 01, and 62 
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should be possible; a number of investigatieins have been carried out 
on the synthesis and resolution of such compounds, but up to the present 

” Barker, Fhys. Rev., 33, ei84 (1929) ; Badger, Und., 36, 1038 (1930). 

28 WaU and Glockler, J. Chau. Rhys., 6, 314 (1937). 

Manning, ihid.^ 3, 136 (1935). 

Kincaid and Heiiritnios, ,/. Am. Chem. Soc., 62, 1474 (1940). 

Meisenlieimcr and Chou, Anri.y 639, 70 (1939) ; Adams and Cairns, J. Am. Chem 
Soc., 61, 2404 (1939) ; Mole and Turner, Chemistry & Industry, 582 (1929) ; Maitland 
Ann. Repis. Chem, Soc. {London), 36, 243 (1939). 
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time no positive results have been obtained. Difficulties arc exixM iouced 
in synthesizing the properly substituted cthylcneiinincs and also in 
obtaining crystalline denivatives suitable for s('i)aration. 

Quaternary Ammonium Satis. It is well established that in ammoni- 
um salts, such as ammonium chloride, the nitrogem is attached to the 
four hydrogen atoms forming the positive ammonium ion and the 
chlorine is present as the negative chloride ion with no dinict union 
between the two except the electrostatic charge (Fig. 63). 

The fact that this fifth valcMice of nitrogen is an (dectrovalence and 
that the other four arc (^f)valcncics was shown by Schlenk,*^ who pix'- 
pared the two compounds shown in Figs. 64 and 65 and found that these 

IT 

I 

Cl- [(0113)4^1 + [(XCgI-U)^]- [(CIb) 4 N]+ [CH,C 6 Tl 6 ]- 

ii 

Fig. 63 Fio. 61 Fio. 65 

compounds containing only alkyl groups behaved in a manner analogous 
to other ammonium salts when dissolvial in a suitalile solvent. Thi'y 
conducted the electric current and showed all the (;vidences of ioniza- 
tion. 

Hager and Marvel also demonstrated that five alkyl groups could 
not be similarly attachi'd to a nitrogen atom. The ri'action of lithium 
alkyls with quati'rnary ammonium halides produced unstable peiita- 
alkyl nitrogen compounds which imnu'diately decomposi'd into hydro- 
carbons and tertiary amines, as expressed by thc' following type reaction: 

Uli’ + [R 4N] 'Bi- [U,,N] ' R'- + LiBr 

1 

R3N CHH2n+2 + C,ill2» 

In no case was the R' grouji furnished by the alkyllithium ever found 
attached to the nitrogen of the ti'rliary amine in the final product. 
Meisenheimer •*'' also succeeded in preparing the two isomeric com- 
liounds shown in l<dg. 66 and Fig. 67 which underwent decomposition in 
the manner shown. 

[(CH3)3N(.)C2ll6l+ [OClh] 

Fig. 66 

[tCH3)3NOCH3]+ [OCoTU] 

Fig. 67 

“ Schlcnk uiul Iloltii, Her., 49, (KW (.UBO) ; 50, 274 (1917). 

Hager and Mai'wl, ,/. Am. iUwtti. Soc., 48, 2(>89 (1920), 

Mciseiihcinior, Atiti., 397, 27:i (1913) : Henze, litr., 70, 1270 (1937). 


- (CllslsN + IICIIO + C2H5OII 
' -> (ClIalsN -k CHstMIO CH3OH 
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If the five valencies of the nitrogen were equivalent no isomers should 
have been obtained and the decomposition products should have been 
identical. 

With the recognition of the fact that the ammonium ion contains 
only four groups directly attach('d to the nitrogen atom, it is clear that 
quarternary ammonium compounds with four different groups attached 
(Fig. 68) should exhibit optical isomerism. The nitrogen atom of the 
ammonium ion should, therefore, be represented as a tetrahedron, 
shown in Fig. 69. It is evidt'iit that the negative ion plays no part in 
determining the asymmetry of the molecule. 


R 

R':n:R"' 

R" 

Fig. 68 


+ 

X" 



Fig. 69 


In 1891, Le Bid inoculated a solulJon of m(^thyleth.ylisopropy]- 
isobutylammonium chloride (Fig. 70) with Pcnicillium glaacum, and 
found that aftiT a time the solid ion exhibited a syiecifie rotation of —7 
to —8°, indicating that the mold had destroyed some of the dcxtro- 
isomer. 

In 1899, Pope and Peachey succeeded in obtaining both the d- 
and Worms of methylallylbenzylphenylammonium iodide (Fig. 71). 
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Fig. 70 Fig. 71 


The separation was accomplished by crystallization of the d-a-bi-orno-Tr- 
camphorsulfonates and decomposition of the two salts by potassium 
iodide. Wedekind resolved the cyclic comiiound shown in Fig. 72, 
thus demonstrating that two of the valencies of the nitrogen could be 

Le Bel, Compt. rend., 112 , 7Z4 (1891) ; J. chim. phys., 2 , 340 (1904). 

Pope and Peachey, J. Chem. Soc., 75 , 1127 (1899;; Pope and Harvey, ibid., 79 , 
834 (1901). 

37 Wedekind and Wedekind, Ber., 40 , 4450 (1927). 
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mombors of a ring. Howov('r, (!ompounds of the structure shown in 
Fig. 73 could not be resolved, and consi ruction of the model of this 
molecule shows that the R group is in the plane of the two rings; this 
molecule, therefore, possesses a plane of symmc'try and should be non- 



Fig. 72 Fig. 73 


rc'solvable. Many other quatei'tiary ammonium salts have been re- 
solved, and then' an; now many (>xamples of active (luaternary ammoni- 
um ions.'"* Some of these arc the following (Figs. 7-4, 75, and 7(5), where 
R = C2II5, ri-CsHy, isG-C3H7, a-CiHo, f.'-o-C4H9, or ivo-CsHu: 



Fig. 74 Fio. 75 Fig. 76 


Wedekind obtained two forms of (he molecuhi shown in Fig. 77 
corre.sj)onding to the vicso and racemic; forms. 

Cdh CbHb “1+ + 

I I 

CM,— N— C 1 1 aCHsCl 1,— N— CH, 21“ 

1 1 

C2IR CsHb 

I'lG. 77 

Unique proof that nitrogen in ammonium compounds is tetra- 
hedral was furnished by INlills and Warren'*'’'' in 1925 when they suc- 
ceeded in preparing and resolving 4-phenyl-4'-carbethoxy-5ns-pipei-idhi- 

’*Jono.s, J. ('Ik III. Sue., 85 , 223 (1904); Tlioraaa and Jones, ihiii., 89 , 2S0 (1900); 
Jones and Hill, ibiil., 93 , 295 (1908); Wedekind and Frolich, Jier., 38 , 3438 (1905); 40 , 
1001 (1907). 

Wedekind and Wedekind, Her., 43 , 2707 (1910) ; Wedekind and Goost, Ber., 49 , 
942 (1916). 

40a ]viillg and Warren, Chem. Soc., 127 , 2507 (1925), 
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ium-l,l'-spirane bromide. This molecule has the nitrogen present as 
the spirane atom common to the two rings, as shown in the formula and 
space drawing, Fig. 78a. With the nitrogen tetrahedral as represented 


CH 2 — CH2^ /CH 2 — CH2>^ /CeHs 


C2Hb 02C^ V^J.A2 's. 

II^'^CH2— "^CH2— CH2^^H 
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\ 

in this figure, the molecule is asymmetric and should be resolvable. 
However, if the nitrogen atom were pyramidal, as many (^arly investi- 
gators believed, then the model of this compound would app('ar as shown 
in Fig. 786. This model possesses a plaiu; of synmietry passing through 



the nitrog(!n atom and the groups in the 4,4 '-po.si lions. Its mirror 
image is identical with it, and no oi)tical isomerism is possible. Since 
Mills succeeded in n^solving the compound, it follows that the first 
spirane structure is correct and the nitrogen atom is tetrahedral. This 
spirane is analogous in every respect to the spiranes previously discussed, 
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in which a tetrahedral carbon atom occupies the position common to 
both rings. 

The preparation of the two quartcTuary salts shown in Figs. 79a and 
79& has been reported by J. R. Johnson."^®^ The first compound (Fig. 



79a) contains two similar asymmetric carbon atoms and hence exists in 
a dl and a mcso form, both of which werc^ isolated. 

The second quartcTnary salt (Fig. 796) contains a pseudoasymmetric 
nitrogen atom and lumce this salt should exist in one racemic modification 
and t^vo meso forms. All three' forms were isolated. 

Amine Oxides, Thc'se^ compounds, which have the general formula 
RaNtJ, may In) prei)ar(‘d by two methods. The', direct action of 
h 3 ^drogeai peroxiele e)n a tertiary ermine reisults in the formation e)f a 
hydrate (Fig. 80) in the' se)lutie)n. lOvaporation of the^ solution yie'lds 
crystals of the amine e)xiele dihj^elrate, R 3 NO * 21120 , which, upon gentle 
he'ating in a vacuum, loses its water of eTystallization and combination, 
and yields the anhydrous amine' oxiele she)wn in Fig. 81. 

R R ^ R 

R:N: + IIoOo R::\^0]1 OH” R:N:0: + H 2 O 

•• •• •••• 

R R R 

Fio. 80 Fia. 81 

A second method of preparation is by the condensation of a disub- 
stituted hydroxylainine with an alkyl iodide. The quaternary iodide is 
treated with silver hydroxide and a hydrate is produced which upon 
drying in vacuo gives the amine oxide. The equations at the top of p. 418 
summarize the reactions. 

These amine oxides and especially their hydrates are crystalline 
solids readily soluble in water. Such solutions possess a rather low 
conductivity as compared with the (piaternary ammonium hydroxides. 

The structure shown in Fig. 82 represents the oxygen as held to the 
nitrogen by a semi-polar linkage: i.e., by a pair of electrons furnished by 

“'’Johnson, EigliUi National Organic Cheniistry Symijosium, St. Ijouis, Mo. (1939). 
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the nitrogen atom. The evidence in favor of such a structun; is based on 
a determination of dipole moments, parachors, and especially on Meisen- 
heimer’s observation that amine oxides containing three different R 
R 11 R 

R:N:0;ri + RI- R:N:0:H i- R:N:0:H [OH]- 

R *" . R ** 

R 

R:N:0: 

• • • • 

R 

Fig. 82 

groups are capable of being resolved into optical enantiomorphs.' The 
spatial formula for such molecules is shown in P'ig. 83, in which the 
nitrogen atom is represented by thc^ tetrahedron. The amine oxideslform 



[rf-form] 

Fig. 

addition compounds with alkyl halides and acids, as indicated by the 
equations: 

R.-,XO + Cliff [RsXOClIs] ' 1- 

R,XO+ IIX [RsXOlIJ+X- 

Using the last typ(' of reaction iMeisenheimer formed salts of 
asymmetrical amine oxides with d-bromocam])horsulfonic acid, sepa- 
rated the diastereoi.somei-ic salts, and reg('n(‘rati('d the amine oxid(‘s by 
means of alkali. In this manner, tlu; following amine oxid('S were re- 
solved : 

C2ri5 Calls Calls 

CIls: N : p CIIs N : 0 CH 3 : X : 0 : 

CII 2 CsIIb CioII?!®) 

CH 
II 

CH2 

Af0 = 3® A/D = 40° AfD = 88° 

Fiq. 84 Fig. 85 I-’io. 8G Fig. 87 

40c Meiseiihcimer, Bct.^ 41 , 3000 (1908) ; Ann., 385 , 117 (1911) ; 428 , 252 (1922) ; 449 
191 (1926). 
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It is noteworthy that the molecular rotations become' higher as the 
differences between the groups become greater (Figs. 84, 85, 86, and 87). 

Sulfur. Sulfonium Sails. The reaction bc'tween sulfides and an 
active halogen compound produces sulfonium salts with the structure 
shown in Fig. 88. If the sulfur possesse's a tetrahedral distribution of 

R' r R' 1 + 

R:S: + R":X: R:S: ixf 

L H"J 

Fig. 88 

its valencies and the unshared pair of eleidrons aids as tlie fourth group, 
then optical isomers are possibh', provided that tlie R groups are dif- 
ferent. 

The resolution of sulfur compounds of this tjqie was accomplished 
simultaneously by Pope and I’eachey and by Smiles in 1900. The 
addition of bi'omoacetic acid (o methyl ethyl sulfide yielded mclhyl- 
cthylcarboxymethylsulfoniuni bromide (Fig. 89). 

C..H6 r Colls "1+ 

C1I.-,:S: -I- BrCTloCOo.lI CllgrS: Br" 

CHo 

1 

(X),hJ 

Fig. 89 

This bromide was treated with silver d-camphorsulfonate, the silver 
bromide was removi^d, and the; resulting c/-camphorsulfonate (Fig. 90) 

Calls 1+ 

CllstS: [OSOaCinllisO]” 

CHa 

COalL 

Fig. 90 

was recrj'^stallized 40—50 times from an alcohol-ether mixture. The less 
soluble salt proved to be the d-methylethylcarboxymethylsulfonium- 
(/-camphorsidfonati? which possessed a molecular rotation of ilPo = -(-68 . 
The rotation of the camphorsulfonate ion is -(-51.7°, which leaves a 

Poi>p and Peachey, J. Citctn. Soc., 77, 1072 (1900). 

« Smiles, ihki., 77, 1174 (1900). 
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rotation of +16.3° for the optically active d-sulfonium ion. Treatment 
with chloroplatinic acid removed the camphonsulfonate ion and gave 
the chloroplatinate (Fig. 91) which had a specific rotation of +4.5° and 
M-d of +30.2°. 

By a similar procedure, Smiles obtained the picratcs of the two 
active forms of methylethylphcnacylsulfonium ions (Fig. 92) by crystal- 
lization of the d-bromocamphorsulfonates. 


Cdb " 

+ 

C2II5 - 

4 

■ 0 - ~ 

- 


CIl3:.S: 

CII2 

[PtClo]- 

CHjiS: 

CH2 


02 N|J^N02 

c?-form, 

otjy = +8.1 

1 


1 


Z-form, 

OTD = —9.2 

(dOshJ 

2 

L cocciis 


N 02 _ 




Fia. 91 Fig. 92 


The mercuritriiodide and tetraiodide of the phcnacylmethyUthyl- 
sulfonium salt have been obtained in optically active; forms and also 
the cadmiiodides.^^ Their formulas (Fig. 93) may be represent'd as 
follows: 


B+[Hgl3]- 


where B is 


[B+]2[Hgl4]-“ [B+]2[Cdl4]“ 

C 2 TI 5 
CHsTs: 

Clio 

COCcIIdJ 

Fig. 93 


[B+]3[Cdl5]- 


An attempt by Smiles to secure optically active sulfonium com- 
pounds by the combination of methyl ethyl sulfide with Z-m(;n<liyl 
a-bromoacetate failed since the two diastereoisomeric methylethylthe- 
tine bromide; Z-mentliyl esters wei'e produced in equal amounts. 

Wedekind obtained two forms (m.p. 123° and 1.54°) of the com- 
pound shown in Fig. 94 which correspond to vicso and racemic forms. 

CHs CUs 1++ 

CzHstS^CHzCHarSlCzHs 21" 

Fig. 94 


This compound has two similar sulfur atoms acting as centers of asym- 
metry. 

« Balfe, Kenyon, and Phillips, iUd., 2554 (1930). 

<< Smiles, ibid., 87, 450 (1905). 

“Wedekind, Ber., 68, 2510 (1925). 
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These optically active sulfonium ions of the general formula in Fig. 95 
are electronically similar to the negative carbanions, Fig. 90, discussed 


■ R - 

+ 

- R - 

R':S: 

X- 

R':C: 

- R". 


. ii" 

Fig. 95 

Fig. 9( 


on p. 388. In each case one corner of the tetrahedron is occupied by an 
unshared pair of electrons. 

Sulfinic Esters and Sulfoxides. The n'solution of sulfinic esters of the. 
general formula RSOOU was of gi-c'at importance, since it was the first 
case of the existence of optical isomers in a -ticuirnl compound containing 
mdy three groups attached to the cent) al atom. In 1925 Phillips 
digested togethc^r the 7 >-toluene.sulfinate of Z-2-octanol and ethyl alcohol. 
A partial ester interchange took places, and by fracitional distillation the 
optically ac^tive ethyl ester was obt ained. The only structure capable of 
ex})laining the optical activity of this ester is that shown in Fig. 97 which 
must replace the old formula shown in Fig. 98. 




0 

11 

S-OC2H5 


Fig. 97 


Fig. 98 


It is clear that in Fig. 97 the sulfur is asymmetric, whereas in Fig. 98 no 
asymmetry is indicatc'd. In the same way, the optically active n-butyl 
ester of p-toluenesulfinic acid was obtaim-d. The process was also suc- 
cessful if /-namthyl p-t oluenesulfinate was used as the starting material. 

The fact that sulfur compounds of this general structure may exist 
in optically active forms was even more strikingly confirmed by the 
resolution of the three sulfoxide's shown in Figs. 99, 100, and 101. 



Fig. 99 


CO2II 




" 5)01 

Fig. 100 


CO2II 

: 0 : 


= + 236» 

Fig. 101 


« Phillips, J. Glu m. Soc., 127, 2552 (1925). 

" Hariisoii, Kenyon, and Phillips, ibid., 2079 (1926). 
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The disulfoxidc shown in Fig. 102 contains two similar asymmetric 
COall OCOCH3 



CHsrS: :S:CIl3 

• • mm 

: 0 : : 0 : 

• • • • 

Fig. 102 



Fig. 103 


sulfur atoms and hence should exist in a nicso and racemic ni()difi(*ation. 
This prediction was realized experimentally by Bell and Benneii/® 
who obtained the tw'O isomers. One of them was resolved; the other 
resisted resolution. The two diastercoisoniers of Fig. 103 were obtaiiu^d 
by Maclean and Adams.^^ \ 

The electronic formulas shown above' for the sulfinic esters anc^ sulf- 
oxides represent the oxygen attached to the sulfur as a semi-polar oxy- 
gen. This linkage of tlu' oxygen to the sulfur by a single^ pair of electrons 
is supported not only by tlu' above' stereochemical eviek'iieje, but also by 
measurements of the elii)ole mome'iits of sulfe)xieles. 

SulJUimines. By the ee)ndensation of chloramine-T with ?//-eiarbe)xy- 
phenylmethyl sulfide a compemnd was e)btain('el known as a sulfilimine, 
usually repr(‘senteel by the formula she)wn in Fig. 104. This compound 


CO.II 



Fig. 104 


was resolved into d- and /-forms by means e>f the brucine and cinchonine 
salts. The conventional structure abe)ve^ indicat, e\s no re'ason for the 
asymmetry. Clarke, Kenyon, and Phillips ])e)int e)ut that , if the nitro- 
gen-sulfur linkage is seani-peJar like', that of the' sulfur-oxygen linkage in 
Fig. 99, then the sulfui* atom is asjmime'tric anel the e‘xist('ne‘e of optie*,al 
isomers becomes olivious. Such a strimture is shown in Fig. 105, in 



Fig. 105 

Bell and Bennett, ibid., 1 (1930). 

Xluelean and Adams, Ain. Chew. Snc., 65, 4081 (1933). 
C’larko, Kenyon, and Phillips, J, C/icm. Soc.^ 188 (1927;. 
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which the asymmetric sulfur atom is indicated by an asterisk. The 
analogous ethyl derivative was also resolved (Fig. 106). 



Selenium. The sehmonium salts behave in a manner quite anal- 
ogous to the sulfonium salts. Thus, methyl phenyl selenide combines 
with bronioacetic acid to give melhylphenylcarboxymc'thylselenonium 
bromide (Fig. 107). 

CJTs 

CllalSe: + BrCIIi-COoH 


Fig. 107 


Cells 


CHerSc 


CH2 

I 

cooir 


Br- 


in this compound the selenium is asymmetric and should exhibit 
optical isomerism. By treatment with silver d-liromocamphorsulfonate, 
Pojic and Neville •’’* .succeeded in ol)taining the bromocamphorsulfo- 
natc's which witc si'parated by ri’peated crystallization. The bromocam- 
phorsullbnates were convi'i-ti'd to the chloroplatinates (Fig. 108) which 
had ilfu of -f-hS.O and —54.3°, re.spectively. 

CellB ■ + 

course: [PtCle]" 

(01.2 

1 

CO 2 II J 2 
Fig. 108 

Attempts to ri'solve selenoxides of the structures shown in Figs. 
109, no, and 1 1 1 failed, although it is to be expected that the resolution 
of this type of selenium derivative should be possible if the right condi- 
tions were obtained. 

Pope and Neville, ibid., 81, 1552 (1902). 

Gaythwaite, Kenyon, and Phillips, ibid., 2280, 2287 (1028) ; Edwards, Gaythwaite 
Kenyon, and Phillips, ibid., 2298 (1928). 
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HO2C 


CHs 



Fig. 110 



Se:0: 

CeHs 


Fig. Ill 


Tellurium. The quadrivalent derivatives of this element were for 
some time cited as the outstanding examples of the presence of four 
valencies in one plane. Vernon “ reported the isolation of two gco- 
metri(!al isomers corresponding to Figs. 112 and 113, but recent investi- 
gations by Drew and by Lowry and Gilbert have shown that no such 
isomers exist, and that the compounds obtained were molecularly dif- 
ferent. In 1929, Lowry and Gilbert “ isolated phenyl-p-tolylmethyl- 
telluronium salts (Fig. 114) in optically actiA"(; forms which had molecular 
rotations of about 70°. The compounds ractmize rc'adily, but the beha- 
vior of these telluronium salts indicates that they are vtay similar to the 
sulfonium and selenonium salts. The tellurium atom is hence tetra- 


I 


CHs 


CIL—Tc^CIIs ClTa— To— I 


I 

Fig. 112 


I 

Fig. 113 


Cells :Te:(): 


CJTs 
Celle: i'e: 

C 0 TI 4 CII 3 J 
Fig. 114 


X- 



CII3 
Fig. 115 


hedral and not planar since no optical activity whould b(' possible if tlu; 
above structure were planar. Telluronium oxides (Fig. 115) haves not as 
yet been split into optical enantiomorphs. 

Tin. In 1900 Pope and Peachey synthessized methylcthyl-n- 
propylstannonium iodide (Fig. IIG) by the following reactions: 


Zn (Culls) 2 

Sn(Cn3)3l SiKClDsCaHe 


Sn(CH3)2(C2HB)(C3H7) Sn(CU3)2(C2llB)I 


I2 


C^IIbT^ 
CHstSn 

C3H7J 
Fig. 116 


I- 


»» Vernon, ibid., 117 , 86, 889 (1920) ; Knaggs and Vernon, ibid., 119 , 105 (1921). 
“ Drew, ibid., 660 (1929). 

Lowry and Gilbert, ilrid., 2867 (1929). 

** Pope and Peachey, Ptoc. Roy. Soc. (London), 16 , 42, 116 (1900). 
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The product was a yellow oil insoluble in water. When treated with 
silver d-camphorsulfonate a salt was obtained which had of +95°, 
thus indicating that the rotatory value of the methylethyl-n-propyl- 
stannonium radical was al)out +45°. The salt was then convoi-ti^d back 
to the iodide which was an oil with Mo of +23°. Hence, the tin com- 
pounds are analogous to the other optically active onium salts, and the 
tin atom is bitrahedral in these compounds. Only the d-form of the 
above salt could be obtained, since, on concentrating solutions of the d- 
camphorsulfonab^ salt, the d-methylethyl-n-propylstannonium d-cam- 
phorsulfonate was the less soluble and crystallized out of solution. The 
Z-form in solution changed ov(!r to the d-form as evaporation of the 
mother liquor pnx'eeded until the conversion was complete. Similar 
results were obtained with the .stannonium salts of d-bromocamphorsul- 
fonic acid. 

Germanium. Schwarz and Lewinsohn •’’ added gt^rmanium to the list 
of elements with tetralu'dral asymmetry by the i-esolution of phenyl- 
ethylisopro])ylgermanium bromide; (Fig. 117) through the d-bromo- 
camphorsulfonate. p CeHb 

(CIl 3 ) 2 CH:(ie Br- 

CallsJ 
Fig. 117 


Phosphorus. The investigations on the compounds of phosphorus 
have not Ix'en so numerous as those on the nitrogen compounds. 
Although unsymmetrical phosphines RR'R"P and phosphonium com- 
])ounds [RR'R"R'"P]'^X~ should be resolvable, no optical isomers of 
these compounds are known. The action of alkali metal alkyls on 
(luaternary phosphonium lialides ** shows that no pentaalkyl phos- 
phorus compounds exist in which five equivalent valencies arc attached 
t o the phosphorus atom. 

Howev(;r, Meisenheimer succeeded in re.solving methylethyl- 
j)h('nylphosphine oxide (Fig. 118) by means of d-bromocamphorsulfonic 
acid. Kipping also obtained the two diastereoisomeric forms of 
phenyl-/3-naphthylphosphoryl-Z-menthylamide (Fig. 119). 


C2H6 


NHCioHi9(Z) 


CIl3:P:0: 


CeHsOrP : 0: 


CelR 


Fig. 118 


0 

C,oH7(i3) 

Fig. 119 


Schwarz and Lewinsohn, J5cr., 64 , 2352 (1931). 

(Coffman and Marvel, J» Am. Chem. Soc.j 51 , 3496 (1929). 
Meisenheimer and Lichtenstadt, Bcr.j 44 , 356 (1911). 
Kipping and Challenger, J. Chem. Soc.^ 99 , 626 (1911). 
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The meso and racemic forms of ethyl triphenylmethylpyrophospho- 
nate (Fig. 120) have been obtained by Hatt.®‘ Both fonns give the 

OC^Hb OCsHb 

I I 

(C6Hb)3C V 0 V C(C6Hb)3 

! I 

0 o 

Fig. 120 

same acid (Fig. 121) on hydrolysis, owing to ionization of the hydrog('n 
atoms from the hydroxyl groups. 

on OH 

1 I 

(C6Ti6)3C — r- o— r-c(C6HB)3 

i I 

o o 

Fig. 121 

Arsenic. The slereoch(‘mical configuration of arsenic compounds is 
in all probability similar to that of corresponding derivatives of nitrogen 
and phosphorus. 

Investigations have shown that in arsonium compounds only four 
groups are directly linked to the arsenier and that the' fifth valency is an 
eleetrovalenc 3 ''. Friedritrh and Marvel “ studied j-e'actions which might 
lead to isorm'ric products of the type RiAslt' and H 3 R'AsR, as indi- 
cated by the following equations: 

2LiC4H9 + 2[(CaIl6)4As]+P.r- -> 2[(C2nB)4As] ^ [C4H.J]- + 2 LiBr 

i 

2(C2Hb)3As + C2H4 -t- C2H6 + (bits -j- C4II10 

LICzHb + [(C2llB)3(C4H9)As]+Br- [(C 2 nB) 3 (C 4 Ha)As] + [C2TTB]-+ LiBr 

i 

(C 2 Tl 5 ) 2 (C 4 n 9 )As + C2TT4 + C2H6 

The pentaalkylarsinos were very unstable and could not- be isolated, 
but the fact that these two reactions gave entirely different dcH^ornposi- 
tion products showed that the arsenic atom do('S not share five pairs of 
electrons with five alkyl groups. The alkyl group furnislK^d by the 
hthium never appeared attached to the arsenic in the tertiary arsine. 

Attempts to resolve arsonium compounds were for sorrui time un- 
successful. Finally, in 1921, Burrows and Turner succeeded in ob- 

Halt, ibid., 776 (1934). 

Friedrich and Marvel, /. Am. Cham, <Soc., 52, 370 (1930). 

Burrows and Turner, J, Chem. 426 (1931). 



OPTICAL ISOMERISM 427 

taining a solution of phciiyl-a-naphthylbonzylmiethylarsonium iodidci 
(Fig. 122) which showed a slight dextro rotation. The arsoniuin com- 
pound was resolved through the use of d-broinocainphorsulfonic acid, 
and the molecular rotation of the salts indi<!ated rather conclusively 
that resolution was etfc'ctc'd but racemization occurnxl during the re- 
moval of the bromocaniphorsulfonic acid. The iodide its('lf also race- 
mized quickly. Kamai ^ resolved the arsoniuin iodide shown in Fig. 
123 by means of the d-bromocamphorsulfonate. After crystallization of 


C,ol-l7(a)“ 

+ 

C..IT6 

CellBrAslCIIa 

J~ 

(a)Cion7:As:CsH7(/0 

Ihu 

1 



C’ells 


('bHb 


Fig. 122 Fig. 123 

this salt, it was treated with potassium iodide. The active iodide with 
[«]iS of in aeetoiK' was obtained, but rajiidiy raei'inized. 

A much more satisfactory example of an optically active arsenic 
atom was found in p-carboxyph<.'nyhnethylethylarsine sulfide (Fig. 124), 

CHs 



CO2H 


Fig. 124 

which was resolved by Mills and Rajier ®''’ in 1925. The constitution 
of this compound is similar to the amine and phosphine oxides, but 
whereas the latter are basic and fonn salts, the tertiary ai-sine sulfides 
are neutral and th(' compound was resolved by salt formation of the 
carboxyl group with brucine. Both d- and Z-forms we're obtained, 
[q:]u = ±19°. It seems that one of the factors contributing to the suc- 
ct'ss of the resolution is the fact that the arsc'nic atom was left undis- 
t,urbed by the processes of salt formation and decomposition necessary 
to the resolution. 

Chatt and Mann hax e prepared ethylone-a,j3-bfs-(phenyl-w-butyl- 

Kamai, i>Vr.. 66, 1779 (19S.T. 

Mills and R.apcr, J. Chcni. t^oc., 127, 2479 (1925). 

Chatt and Mann, ibid., (UO, 1G22 (1939). 
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arsine) which has been converted into the 6is-(niethopicrate) (Fig. 125). 
This latter compound was separated into two isomers which represent 
meso and racemic forms. Two similar 4-covalcnt arsenic atoms make 
this isomerism possible. 

The same diarsine was also converted to the 6is-(arsine sulfide) (Fig. 
126) which was isolated in meso and racemic modifications. One was 
rapidly converted to the other by heating. On the other hand the 
diarsine coordinated with palladous chloride gave two diastereoisomeric 
non-ionic compounds (Fig. 127) which were extremely stable and did not 
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N/ \ 
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I ;pdci2 
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Fig. 127 


undergo interconversion even in molten slate. This stability may be due 
to the fact that the asymmetric arsenic atoms in thii jialladium com- 
pound form part of a chelated ring and thus cannot rt'adily undergo a 
change of configuration. 

There is considerable evidence from spectroscopic and electron dif- 
fraction studies to show that stereocdiemically tlu' 3-covalent arsi'nic 
atom can b(^ regardc^d as being at the top apex of a partially flatti'ned 
tetrahedron,®^ the intervalency angles at the arsenic atom being about 
100° iastead of the normal value (60°). 

Organic compounds containing 3-covalent arsenic have now be('n 
prepared, and the results are confirmatory of the physical data on the 
structure of the arsenic atom. Allen, Wells, and Wilson ®* treated 
7-chloro-7,12-dihydro-7-benzophenarsazine (Fig. 128) with silver d- 
bromocamphorsulfonate and obtained two diastereoisomeric compounds. 
Fig. 121, with Ml) of -|-211.4° and +358.4°, respectively. The exist- 
ence of these two diastereoisomers may be duo to the asymmetric arsenic 
atom since no optical isomers of secondary amines are known, or it may 

Sutherland, Lee, and Wu, Trans, Faraday *Soc., 36, 1373 (1939) ; Pauling and Brock- 
way, J. Am, Chem. *Soc., 67, 2684 (1935); Gregg, Ilampson, Jenkins, Jones, and Sutton, 
Trans, Faraday Soc,, 33, 862 (1937); Springall and Brockway, J, Am, Chem, Soc,^ 60, 996 
(1938); Bradley, Phil. Mag., 47, 657 (1924). 

Allen, Wells, and Wilson, J, Am. Chem. Soc., 66 , 233 (1934). 
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be due to molecular asymmetry produced by a folded structure of the 
molecule. 



Eig. 128 Fig. 129 


Lesslie and Turner prepared lO-methylphenoxarsine-2-carboxylic 
acid shown in Fig. 130. 



CHs 
Fig. 130 


(//-Compound; m. p. 202-203^* 
d-lRomcr; m p ] 30-131)°; Msvoi 95° 
Z-lsomer, m. p. 135-130°, la ]., 791 — 90° 


Th(^ acid was resolved by ini'ans of strychnine, the two optical anti- 
pode's w('re obtained with the rotations indicat'd. The authors suggested 
that the asymmetry of the moU'cule is not due to the arsenic atom alone, 
out that the molecule possesses a folded structure about the oxygen- 
arsenic axis. Fig. 131. The non-planar position of the rings seems reason- 
able in view of the inc'asun'inents of the angle between the valencies of 
the oxygen atom. Th(' two optical isomers may be represented by the 
figures shown in Fig. 131. The addition of methyl or ethyl iodide to the 

Mirror 



[d-fonn] U-form) 

Fig. 131 


•• Lesslie and Turner. J. Chem. Soc., 1170 (1934). 
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optically active forms caused raceinization to occur. If the optical 
activity is due to an asymmetric arsenic atom, tlie dimethylarsonium 
compound should be inactive. The addition compound with ethyl 
iodide (Fig. 132) should still contain an asymmetric arsenic atom as the 



arsonium ion and should retain its asymmetry. It was suggested that 
the racemization taking place whcm the active compound is treated with 
an alkyl halide is due to the fact- that the conversion of the triv^lent 
arsine to tlie arsonium salt involves a diminution in the effective size 
of the arsenic atom. The ionic radius of the arsenic in the arsonium 
ion is smaller than that of the arsenic in an arsin(\ According to L('sslie 
and Turner this change in the size of tlu^ arsenic*, atom would cause such 
agitation in the folded structure that racemization would result. 

The compounds corr(\sponding to Fig. 130 with a phenyl or ethyl 
group ill place of methyl on th(' arsenic atom werc^ also resolv(*d.”^ Oxida- 
tion of the active form of the plu'nyl d(‘rivalive resulliHl in compk^te loss 
of activity. On the other hand, it was possible to n^solve lO-phcmyl- 
phcnoxarsine-lO-oxide-2-carboxylic acid (Fig. 133). The active forms 



C6H5 O 


Fig. 133 

were relatively unstable. Owing to the similarity in size betwec^n the 
positively charged arsenic and oxygen at-orns, the stability of a folded 
configui*ation in this molecukj might be so d(H*reased thal. o])ti(*.al a(*tivity 
dependent on it would not occur. This molecuki, tluu’efore, probably 
represents molecular dissymmetry of an arsenic oxide which jircviously 
all attempts have faik^d to demonstrate. 

Lesslie and Turner, ihid., 1051, 1208 (1935; : 730 (1930). 

Lesslie, ibid,, 1050 (1939). 

Burrows and Turner, ibid., 119 , 420 (1921); Aeschliinann and McCIeland, ibid, 
126 , 2025 (1924) ; Aeschliniaun, ibid., 127 , 811 (1925). 
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Chatt and Mann point out that the previous work on the phcnoxar- 
sine derivatives can be interpn'ted on the assumption either that the 
three rings arc coplanar and the R group on the arsenic atom projects 
above or below this plane or that the intervalency angle C — As — C 
within the ring has a value which luicessitatcs a folding of the molecule 
about the O — As axis. In the latter case, a planar distribution of the 
valencies of the arsenic atom, though unlik(4y, is not excluded. These 
investigators have', prepared and studic'd l),10-di-p-tolyl-5,10-dihydroar- 
santhrene (Fig. 134), which has n'sulted in more decisive evidence for 


C6H4CH3 



the non-planar vakmey <lis{)osition of the 3-covalent arsenic atom in its 
organic compounds. Assuming that the valencies of each arsenic atom 
ar(! to be mutually inclined at an angle of about 100°, the mokicule can- 
not be jdanar. The folding can apj)ar('ntly lead to the production of 
three isomeric forms shown in Figs. 135, 13(5, and 137. 




Upon construction of the models, it becomes evident at once that, 
owing to the small angle, the two c/s-tolyl groups (denoted by the k'tb'r 
T) in Fig. 136 become almost coincident in space and that this form 
cannot therefore exist. Satisfactory models of Figs. 135 and 137 can be 
readily constructed. The experimental results k'd to the isolation of two 
stable forms, conforming presumably to Figs. 135 and 137. The two 


Chatt and Mann, ihid.f 1184 (1940). 
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isomers by the action of bromine gave the same tetrabromide, 5,10- 
ditolyl-5,10-(lihydroarsanthrene 5,5,10,10-tetrabromide (Fig. 138) which 
in turn was hydrolyzed to a single tetrahydroxide. 



Boron, Beryllium, Copper, and Zinc. Those four elements, consti- 
tuting the other known elcment.s of the teti'ahf'dral group, are discussed 
together because the tetrahi'dral charactc'r of each has been demonstrated 
by the formation of spirara's. These spiranes have the tetrahedral 
element as the spiro-atom, and the two rings are formed as the result of 
chelation. 

Boric acid reacts with two molecules of salicylic acid to produce 
the complex shown by Fig. 140. 



Fia. 140 


Boron compounds normally have six electrons in the valence shell of 
the boron atom (Fig. 139), but, by sharing an additional pair from the 
oxygen of the carboxyl group (Fig. 139) left after ionization of the hydro- 
gen atom, it is able to form the more stable octet and thus becomes a 
spiro-atom in the chelate (p. 1868) compound (Fig. 140). Boeseken’^ 
fractionally crystallized the strychnine salts of this complex compound 
and obtained a dextrorotatory fraction with [a]u = -f 22.6°. The other 

Boeseken and Moulcnhoff, Proc. Acad. Sci. Amsterdam^ 27 , 174 (1924) ; Rosenheim 
and Vermohren, Ber., 67 , 1337 (1924). 
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fraction was levorotatory. The optical activity of this boron complex not 
only establishes the chelate structure, but also shows that the distribu- 
tion of the vah'nce forces about the boron must be tetrahedral. It should 
be noted that the model of this coinph'x, using a planar boron atom, 
would possc'ss a plane of sjmirnetry and hence be non-resolvable. Either 
a planar or pyramidal structure would predict geometrical isomcirs which 
have not been found. 

Beryllium is normally bivalent, containing four electrons in the 
valence shell of most of its compounds. However, the reaction of 
beryllium carbonate with the brucine salt of the enolic form of benzoyl- 
pyruvic acid produces the complex shown in Fig. 141, in which the 


CbHb 
C— OH 

II 

2C— H 
CO 


C«Hb 

I 

c 


CoITb 


/ 


+ BeCOa n-c 


c- 


/C 

n + CO2 + H2O 

,“• -y.- / 

•c 


C02Brucine 


C02Brucinc C02Brucine 
Fig. 141 


beryllium has shared an additional four electrons in order to complete 
its octet and form the chelate compound with the beryllium atom as the 
spiro-atom of th(> spiraiK*. 

Mills and Gotts fractionally ciystallized Uk'sc brucine salts and 
obtained two diastf'reoisona'ric salts which showed mutarotation in 
chloroform to the same value. 

1. Iraction [a|B461 “ 1 Mutarotation 

> [a] = + 5 . 0 ° 

2. Fraction [alwei == — 11.8°J 

Decomposition of the stilts by dimethylamine gave values of -1-1.1° and 
—0.6° for the two forms of the beryllium complex. The two forms 
racemized very quickly. Copper and zinc formed chelate compounds 
of the same typ(' as shown for beryllium when copper acetate or zinc 
carbonate was substituttxl for beryllium carbonate in the initial reac- 
tion. Fractionation of their brucine salts also produced mutarotating 
diastereoisomeric forms. 

Palladium. Beihlen and Hiihn crystallized the d-bromocamphor- 
sulfonate of the complex palladium ion shown in Fig. 142 and obtained 

Mills and Gotts, J. Chem. Soc., 3121 (1926). 

Reihlen and Hiihn, Ann., 489, 42 (1931). 
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two diastercoisomeric salts. One salt had a molecular rotation of +582° 
with M-d for the dextro palladium complex ion of +36°. The other salt 

Ha Ha ' ++ 

(CHalaC— N . . N~C(CH3)2 

I IPd; 1 2[Cioni20BrS03]- 

IlaC— N • • N— Clla 

Ha Ha 

Fig. 142 

had Mj) of +506°, which indicates a molecular rotation of —40° for 
the levo palladium coiniilcx ion. i 

Platinum. Reililen and Hiihn also olitained (n’idence inditialiiig 
asymmetry of the platinum complexes shown in Fig. 143 and l\g. 144 
by crystallization of their d-bromocamphorsulfonaies. 


ITa Ha 



Fig. 143 Fig. 144 


Elements with an Octahedral Distribution of Valencies 

The classical investigations of Werner, Pfeiffer, JaegiT, and others 
on the structure of various coordination comple.x salts have; ('stablishi'd 
the fact that certain of these may exhibit optical isomerism, and that, the 
probable distribution of the valencies of all typi'S is octahedral about 
the central atom. These compounds and their isomerism have been 
thoroughly treated in inorganic textbooks and books on stereochemistry; 
hence only the fundamental ideas concerned will be discussi'd in this 
section. It is important to notii that the same principles alri'ady cited 
in respect to carbon again apply here. For optical isomerism the pre- 
requisite is an asymmetric molecule. 

The general structural types which have been resolved into optical 
enantiomorphs are as follows: 

I. Type MA 3 . (M = metal, A = a bivalent coordinating group.) 

The central atom has its six valencies distributed and used by the 
groups A in such a manner that non-superimposable mirror images 
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result (Figs. 1 and 2). It is customary to represent the spatial formulas 
by the figurt's shown rath('r than by means of an octahedron, but by join- 
ing the six points about the central atom, an octahedron results (Fig. 3). 



Fia. 1 Em. 2 Fio. 3 


Specific examples of compounds of this type are shown in Table I. 
II. Type MA 2 a 2 MAoB. (A and B = different bivalent co- 
ordinating groups; a = monovalent cotirdinating groups.) 



Fig. 4 Fig. 5 


The mirror-iniagi' relationshi[)s of this type are shown in Figs. 4 and 
5, and Figs. 6 and 7. 



Fig. 6 


Fig. 7 
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TABLE I 

Optically Active Complex Ions of the Type MAs 
Anions 
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Specific examples of compounds of the second type are shown in 
Tables II and III. 

TABLE II 

Optically Active Complex Ions ov the Type MAsHj 
Anions 



TABLi: III 

Optically Active Complex Ions op the Type MA2B 
Cations 



III. Type MA-jab. (A = bivalent coordinating group; a and 6 = 
different monovah'iit cooidiualing groups.) 

Many compounds corresponding to Figs. 8 and 9 which represent the 
mirror-image ndatioushijis are known for complexes of cobalt. The 
cation has the general formula 

■ /HoN— CHaX 

Co I XY 

VlliN— CH2/2 
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where X and Y are various (lombinations of Cl, Br, NO2, NCS, H2O, 
NH3, NH2OH. An anion of this type is : 



0 — C ==0 

0— i=o 




Fig. 8 


b 


a 


IV. Type ]\IAg2?i2' 




b 



The compounds corresponding to the Figs. 10 and 11 which have 
been resolved are: 

■ /HaN-CH^X 
Co 1 (NH3)2t32 

\II 2 N— CII 2 / 

Elements with a Planar Distribution of Valencies 

The chief compounds in which there is experimental evidence for a 
planar arrangement of groups are the 4-covalent comjiounds of bivalent 
palladium, platinum, and nickel. Thi'se same elements also possess an 
octahedral configuration in their C-covalent compounds. Comparison 


/ O - C=()\ 

Co < I (NTl3)2(N02)2 

\\()_C=()/ 
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of the octahedral model, Fig. 1, with the planar arrangement of Fig. 2 
in which the metal (M) occupies the center of a square with the four 
groups at the corners shows that this may b(^ I’egarded as a special case of 
elements with octahedral configuration in which the two h groups are 
missing. It is well known that compounds with 4-covalent groups at- 



b 

Fig. 1 Fig. 2 


tached to the metal may be converted to compounds with 6-covalcnt 
groups. 

Wc'rner, as early as 1893, proposed a planar configuration for 4- 
covalent compounds of platinum and palladium which predicted cis 
and trails isomerides of the types shown in Figs. 3 and 4. Definite proof 



of the planar configuration and existence of such isomers has been diffi- 
cult to obtain owing to the difficulti(‘s involved in (k'termining the exact 
molecular structun^ and iiiok'cular weight. For example, a pink and a 
yellow form of were known for a long time and the isomer- 

ism was explaiiKKl on a cis-trans basis. However, it was proved later that 
the yellow form is monomok^cular, whereas the pink modification is 
bimolecular and has the structure [Pd(NIl 3 ) 4 ] [PdC^]. Numerous 
other exam])k\s of siij>})osed cis-trnns Isomers have been n^jiorted, some of 
which ajipear to b(‘ authentic. 

In 1922, it was noted that K2[Pd(34], (NH 4 ) 2 [PdCl 4 ], and 

77 J)rcw, Fiiiktii'd, Fioston, find W iirdliiw, J. ( hein. Soc., lcS95 (19»32). 

Dirkinson, J, Avu Chem. Soc., 44 , 2404 (1922); Lowry, J. Soc. Chem, Ind,, 42 , 31(1 
(1023). 
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K 2 [PtCl 4 ] formed tetragonal crystals, and x-ray analysis indicated that 
the metal was at the center of a square with the four chlorine atoms at 
the corners. From considerations of wave mechanics, Pauling in 1931 
deduced a probable planar distribution of the groups in 4-covalent com- 
pounds of platinum, palladium, and nickel. The electronic formation 
of such planar compounds should result in a definite decrease of the 
paramagnetic moment, and for nickel this should become zero. 

Nickel. Confirmation of this prediction was obtained by Sug- 
den,®® who isolated two cis-trans isomers of nickel fez's-benzylmethyl- 
glyoxime to which the planar structures shown in Figs. 5 and 6 were 


CeHeCIIa— C 
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-CHa 

CHs C C- 
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Fig. 5 Fig. 6 


assigned. Those two forms were found to be diamagncitic, whereas a 
tetrahedral configuration about the 4-covalcnt nickel (a spiro-atom) 
should lead to paramagnetic optical enantiomorphs. 

Palladium. Dwyer and Mellor also obtained two forms of palla- 
dium 6fs-benzylmethylglyoxime, analogous to the above nickel isom- 
erides, and found that they were non-i'esolv^ablc. Pinkard, Shari'att, 
and Wardlaw prepared the two isomerides shown in Figs. 7 and 8 
and showed that they were monomeric. 


CH 2 — NH 2 NII 2 — CHo CH 2 — NII 2 0 CO 


\ / 


\ / 

Pd 


Pd 

/ \ 


/ \ 


CO 0 0 CO CO 0 NH 2 — CH 2 

Fig. 7 Fig. 8 


Grinberg and Schulman “ reported the isolation of two isomerides 


of each of the compounds (NH 3 ) 2 PdCl 2 and 



"Pauling, J. Am. C'/iem. Soc., 63, 1307 (1931). 

Sugden, J, Chem. Soc,, 246 (1932). 

Dwyer and Mellor, J. Am. (!hem. Soc., 66, 1551 (1934). 

Pinkard, Sharratt, and Wardlaw, J. Chem. Soc.y 1012 (1934), 

Grinberg and Schulman, Compt. rend. acad. sci., U.R.S.S., 1, 218 (1933). 
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Lidstone and Mills have resolved the compl(;x palladous salt shown 
in Fig. 9 by means of d- and i-diacetyltartaric acids. This molecule 

112 H2 

CeliB— CIT— N N— CH2 

\ ^ 

Pd 

\ 

CellB— CH--N N— C(CH2)2 

H2 H2 

Fia. 9 

would possess a plane of symmetry if the palladium atom had a tetra- 
hedral ai rangement of the cotirdinatc'd groups but is asymmetric if th (5 
four valencies attached to the palladium atom are i)laiiar. It was shown 
that the stilbenc diamine ])ortion ndained its w/cso (loufiguration in the 
complex salt and htmeo the resolution is due to the mohicular dissym- 
metry of the complex. 

Platinum. Numerous example's of cis-tram isomers of 4 -covalent 
platinum compounds have beeai descrilx'd. llautzsch obtained two 
forms of the compound shown in Fig. 10 , and Schenck and Hengler 
obtained the quinoline analogs, Fig. 11 . The two isomeric compounds 


PtClj 


Fig. 10 Fig. 1 1 



++ 

21 - 


of Figs. 12 and 13 were found to differ chemically and also in their x-ray 
diffraction patterns.®^ Two isomeric feirms eif the platinei-glycine com- 


(0113)28 Cl 

\ / 

Pt 

/ \ 

(0113)28 Cl 

Fig. 12 


(0113)28 Cl 
\ / 


Pt 


/ \ 

Cl 8(0113)2 


Fig. 13 


Lidstone and Mills, J. Chew. Soc.^ 1754 (1939). 

« Hantzsch, Bcr,, 69 , 2761 (1926). 

Schenck and Hengler, Arch. Eisenhilttenw., 5, 209 (1931-1932). 

Angell, Drew, and Wardlaw, J. Chvm. Soc., 349 (1930) ; Cox, Saenger, and Wardlaw 
ibid., 182 (1934). 
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plex, Fig, 14, analogous to the palladium complex have been ob- 
tained.*® 


CH 2 — NH 2 NH 2 — CII 2 

\ ./ 

rt 

/ \ 

CO O O CO 


Fig. 14 



A rod and a black form of the /r/.s-pyridino compk'X, Fig. 15, have 
been obtained by JMorgan and Burst all.*® This (complex is very inter- 
esting because the construction of the model of this inok'cule shows 
that the throe pyridine rings are in the same plane. It may also lie not ed 
from the model that chelation can occur without undue strain only il 
the double bonds in at least two of the pyridine rings occupy fixed posi- 
tions (i.e., do not oscillate or resonate between the two Kekul6 struc- 
tures). If either of the two forms obtained is monoinolecular, it indi- 
cates a planar distribution of the vak'iice forces about tlu; platinum 
atom. 

An unique proof of a planar distribution of the valeneic's about 4- 
covalent platinum has been obtaiiu'd recently by Mills and Quibell,®*^ 
who prepared meso-stilbenediamino-isobutylenediamino platinous salts 
with the structure shown in Fig. IG. 

CII2— NH2 NIIz— CHCells 

\ / 

rt 

/ \ 

L(CH3)2C NH2 Nn2— CHCells. 

Fig. 16 

Grinberg and Ptitzuin, J. prakt. Cht m., 136, 143 (1933) ; Pinkard, Sharratt and 
Wardlaw, J. Chem. Soc., 1012 (1934). 

Morgan and Burstall, ibid., 1498 (1934). 

•0 Mills and Quibell, ibid., 839 (1935). 
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Examination of the model of this compound using a planar platinum 
atom reveals the fact that such a model does not possess a plane of sym- 
metry (Fig. 17), and hence should be resolvable. 
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If, however, the platinum atom is tcdrahedral (similar to the spiranes) 
then the molecule poss(“sses a plane of symmt'try, and the; molecule 
should be non-resolvable. Examination of Fig. 18 shows that the piano 
PPPP divides the mok'cuk; into halves which are mirror images. 



Experimentally it was established that the molecule was resolvable 
into d- and /-forms, [a] 5401 = ±48.5°. Cryoscopic exammation of the 
salt showed thjtt it rescunbled barium chloride in its behavior, and thus 
indicates the existence of only three ions. Decomposition by alkalies 
gave the optically inactive diamines and thus d(‘monstrated that no inver- 
sion and resolut ion of the ?/ieso-diaminostilbene portion took place. The 
results constitute most unusual evidence in favor of a planar configura- 
tion for 4-covalent platinum. It is true that an irregular tetrahedral 
arrangement or pyramidal arrangement would also predict resolution of 
the molecule, but there is no evidence for such assumptions. 
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PART XI. cis-trans ISOMERISM (GEOMETRIC ISOMERISM) 

C. S. Maevel 
Introduction 

A second type of stereoisomerism has been observed in organic mole- 
cules that contain two unsymmetrically substituted atoms attached to 
each other by a double union, in certain cyclic structures, and in a few 
terphenyl derivatives where ortho substitution introduces steric hin- 
drance at the points of union between the phenyl groups. This type of 
isomerism is usually explained on the basis of restricted rotation: in the 
molecule in question, and all the observed cases can be correlated by 
means of this theory. 

In an open-chain molecule, free rotation about a single covalent 
bond is assumed to bo possible. The mimber of isomers of such com- 
pounds is generally in agreement with this hypothesis. However, if 
there are two points of attachment between adjacent atoms, as when a 
double covalent bond is present in a molecule, free rotation is apparently 
no longer possible. With proper substitution around the atoms which are 
doubly bound to each otlu'r, isomerism due to ditf(!rent geometric ar- 
rangements of the groups in space becomes possible. This type of isomer- 
ism is called cis-trans or geometrical isomerism. 

cis-trans Isomerism in cyclic molecules can be attributed to restricted 
rotation due to the ring structure. The size of the ring and the nature 
of the substituents have an important effect on the freedom of rotation 
around the single bonds in the ring, and a complete discussion of these 
factors will be reserved until later. Recently cis-trans isomerism has 
been observed in certain p-terphenyl derivatives which are substituted 
in the positions ortho to the unions between the phenyl groups. In these 
compounds the theory of restricted rotation around th(5 bonds betwc'en 
the phenyl groups serves to correlate these; examples of cis-trans isomer- 
ism with the classes previously mentioned. 

The various types of cis-trans isomers may for convenience be classi- 
fied as follows: 

1. Compounds containing double bonds. 

(а) Carbon to carbon; olefins. 

(б) Carbon to nitrogen; oximes, hydrazones, osazones, scmi-carbazones, 
etc. 

(c) Nitrogen to nitrogen; diazo compounds, azo compounds, azoxy 
compounds, etc. 
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’L Cyclic compounds. 

(a) Carbocyclic. 

(b) Heterocyclic. 

(c) Condensed ring systems. 

3. Sterically hindered single bond compounds of the tcrphenyl type. 
This system of classification is used in the following discussion. 


Compounds Containing Double Bonds 


Since carbon and nitrogen atoms are known to have a tetrahedral 
structure, a double bond involving these atoms may bo pictured (Fig. 1) 
by two tetrahedrons sharing one edge in common. Thus, the double 
bond should be a fairly rigid structure around which no rotation can 
occur. The single bond may be best illustrated by a diagram (Fig. 2) 
showing two tetrahedrons having one apex in common. Free rotation 
around this common point would bo expected. 

In a molecule of th(^ type first shown (Fig. 1), if (vach atom is attached 
to two different groups, a and b, two spacer formulas for the molecules can 
be constructed (Figs. 3 and 4). In one of these formulas it may be seen 



that the two a groups are closer together than they are in the other (Fig. 
4). If a plane is passed through that edge of the tetrahedrons which is 
shared between them and continued in each direction so as to bisect the 
lines joining the a and h groups, the like groups are either on the same 
side of this plane, that is, in the cis positions (Fig. 3), or they fall on 
opposite sides of this plane and are in the tmns positions (Fig. 4). The 
four groups (a a b b) fall in one plane; hence the mirror image of each 
form is identical with the object, and no optical isomers can exist in this 
series. 

It can also be seen that each of the atoms joined by the double union 
must be unsynunetrically svibstitutcd. When one of the atoms carries 
two a groups, and is thus symmetrical (Figs. 5 and 6), the two molecules 
are supcrimposable, and hence do not represent isomers. Only one pair 
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Likewise, in the case of the o-hydroxycinnamic acids, one is converted 
spontaneously into coumarin (Fig. 9), and is, therefore, the cis form 
(Fig. 8), whereas the other does not form a lactone readily, and conse- 
quently is assigned the trans configuration (Fig. 10).^ 



Fig. 8 J'’ia. 9 Fig. 10 


This conversion to a cyclic compound must occur under vorjr care- 
fully regulated conditions if it is to Ix' consideri'd a safe procedure for 
structural proof. Many reagi'iits cause one isomc'r to change into the 
other, and with such reagents, compountls of the trans type may also 
yield cyclic compounds. 

It is often possible to prepare tlu^ cis isonuT from a cj'clic compound 
by the opening of the ring. Thus, tlu; oxidalion of p-benzoejuinone 
(Fig. 11) or of benzene (Fig. 13) leads to maleic acid (Fig. 12), and not 
fumaric acid.® 

O 

II H— C'-COall 

Oxidation 
< 

II H— C— COolI 

0 

Fig. 11 Fig. 12 Fig. 13 




If the configurations of a pair of cis-irans isomers have been thus es- 
tablished, it is often possible to convert other isomers of unknown con- 
figuration into those with known stiuctures. For exarnpk', trichloro- 
crotonic acid (Fig. 15) is converted by hydrolysis into fumaric acid 
(Fig. 14) and by leduction into the solid ci-otonic acid (Fig. 10) (m. p. 

H— C— COiill 11— C— CCI 3 II— C— CIT 3 

II - II - II 

IIO 2 C— C— H llOaC— C— 11 IIO 2 C— (’— H 

Fig. 14 Fig. 15 Fig. 1G 

® Fittig and Ebert, Ann., 226 , 347 (1884); Wishcenus “llaumlichc Anordnung,” p 
49; see Miller and Kinkelin, Bcr., 22 , 1705 (1889;. 

®Kekule, Ann., 223 , 170 (1884). 
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72°).’' Since fumaric acid is known to have a trans configuration, these 
relationships prove that the trichlorocrotonic acid and the solid crotonic 
acid must be trans isomers. Hence, the liquid form of crotonic acid 
(m. p. 15°) must bo the cis isomer. 

The configurations of the cinnamic acids have, likewise, been estab- 
lished by the following transformations: 






One of the e-aminocinnamic acids readily forms carbostyril (Fig. 17), 
and hence pos,sesses the cis configuration (Fig. 18). Diazolization and 
removal of the ainiiio group from this e-aminocinnamic acid kiads to cis- 
ciunainic acid (Fig. 19).** 

The eslablishment of a relationship between a cyclic compound and a 
cis isomer, and t he transformation of one of a pair of cis-irans isomers into 
another compound of known configuration, are the only chemical 
methods of establishing the configuration of isomers in this series. In 
using these methods for structural work, it is essential to keep in mind 
that many reagents conv(>rt a cis to a trans isomer or the reverse (sec 
section on intercon version of isomcTs, p. -h^o), and hence false relation- 
ships may be deducc'd from superficial experimental work. 

Determination of Structure by Study of Physical Properties. A study 
of various cis-irans isomers who.se configurations have bc'cn established 
by n'lating them to cyclic products has shown that there is a surprising 
regularity in the differenevs in physical properties between the cis 
forms and the trams forms. The cis form usually has the lower melting 
point, the greater solubility in in(a-t solvents, the higher heat of combos' 
tion, and, of acids, the higher ionization constant. In Table I are listed 
the physical properticis of a series of isomeric acids showing some of these 
differences. 

Werner pointed out that there is a significant resemblance between 
the structural formulas of cis and trans isomers in the olefin series, and 
ortho and para isomers in the benzene scries.® The unsymmetrical cis 

’ von Auwers and Wisaebach, Her., 56, 715 (1923). 

® Stoormer and lleyiuann, Bcr., 45, 3099 (1912). 

** Werner, “Iiehrbuch der Steroochoniie,” Fischer, Jena (1904), p. 212. 
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TABLE I 

Some Physical Properties op cis-lrans Isomers 


Acid 

M. R, °C. 

Solubility in 
Water at 25°, 
grams per 
100 cc. IhO 

A'a*® 

Heat of 
Combustion, 
kcal./mole 

Maleic 

130 0 

78 8 

117 X 10-2 

326.0 

Fumaric 

286. 

0 7 

9.3 X 10-2 

320. 

C 2 s-Cro tonic 

15.5 

40 0 

3 0 X 10-*^ 

486. 

/rans-Crotonic 

72. 

8 3 

2 X 10-® 

47|8. 

czs-Cinnamic 

68. 

14 43 

13 8 X 10- 

1047. 

^raws-Cinnamic 

133. 

0.1 

3 5 X 10-'‘ 

1046. 

Citraconic 

91. 


34 X 10-2 

479.1 

Mesaconic 

202. 


7.9 X 10-2 

466.4 

Angelic 

45. 


4.9 X 10-® 

634 .8 

Tiglic 

64. 


9 4 X 10-® 

(327.4 






and ortho isomers are neaily always lower melting than the corre- 
sponding trans and para isomers. This may be illustrated by comparing 
czs-crotonic acid (Fig. 20), or//to-toluic acid (Fig. 21), trans-crotonic 
acid (Fig. 22), and para-toluic acid (Fig. 23). Maleic and fumaric acids 
show similar relationships to ortho- and para-phthalic acids. 


H— C— CO 2 H 

H— 


Il-C—COoH 

11- 

CO 2 H 

H--C— CITs 

H— 

k^-CIl3 

|| 

CH 3 — C— H 


H 

M.p. 15.5° 


M.p. 101° 

M.p. 72° 

M p. 180= 


Fig. 20 


Fig. 21 

Fig. 22 

Fig. 23 



The dissociation constant s of the acids in the cis and ortho serh's arc 
likewise higher than those in the trans and para series.*^ 

This comparison of the physical propertic's of olefins and aromatic 
derivatives has furnished a method for the determination of configura- 
tion where all four groups on the carbon atoms joined by the double 
bond are different. For example, von Auwers compared the chloro- 
crotonic esters (Figs. 24 and 25) with the chlorotoluic esters (Figs. 26 

^°Ostwald, Z. physik, Chem., 3 , 242, 278, 380 (1889); Bcr.j 24 , 1106 (1891); Bader, 
Z. physik, Chem.t 6 , 315 (1890) ; Walden, ibid., 8, 495 (1891) ; Kortright, Am. Chem. J ., 18, 
370 (1896). 

Stohmann, Z. physik. Chem., 10 , 416 (1892) ; Longiiinine, Ann, chim., [6] 23 , 189 
(1891) ; Roth, Ber., 46 , 260, 317 (1913). 

Langseth, Z. physik. Chem., 118, 49 (1925). 
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and 27) and assigned configurations to the olefinic compounds on this 
basis.^® 

Cl— C— COaCallg Cl— C— COaCallB 

II II 

H— C— CH, CHi— C— II 

B.p. 58°/12 mm. B.p. (ilVlO mm. 

Fia. 24 Fig. 25 

Cl— CO 2 CJT 6 

H— -CIIs 

B.p. 122710 mm. 

Fig. 26 

The assignment of configuration by means of tliis method of compari- 
son of the physical prop('rti('s of the isomers with those of the correspond- 
ing benzene derivatives must always bo tentative because it is known 
that the relationship bc'tween the physical properties in the two series is 
not absolutely gcneral.^‘‘ 

Dipole Mmnenlft (p. 1752). Recent work on dii:»ole moments has 
introduci'd a ik'w physical constant wliich is usisful in assigning definite 
configuration to relatively simjile olefins.^^ Fi'om a (!on si deration of 
the structural formula, the unsynmu'trical ris form would be expected 
to have a considerable moment, whereas the more symmetrical frans 
form should have a lower moment. In the halogenated olefins hsted 
in Table 11, it may be seen that the dipole-moment measurmnints give 
results which are in agn'cnii'iit with the configurations which have been 
assigned on the basis of the melting points of the isomers. 

TABLE 11 


Physical Pkopekties of Diualogenated Etiiylenes^® 



M. P. 

M X IQi* 


"C. 

c.s.u. 

C 2 s-DichloroethyleTi e 

-80 5 

1.89 

//’aw.s-Dichloroethylene 

-50. 

0. 

c/.s-Dit iromoethy 1 ene 

-53. 

1.22 

/rans-Dibromoeth ylene 

- 6.5 

0. 

C7S-Dii()docihylene 

-13.8 

0.76 

^rans-Diiodoetliylcne 

72. 

0. 


This method is limited to quite simple molecules of the type 

von Auwors and Harrea, ibid., 143 , 1 (1929). 
von Auweis and Hanes, drid., 143 , 9 (1929). 

Errera, Compt. rend., 182 , 1623 (1920); Acad. Toy. liclg., 150 (1925); J. Phys., 6 , 
390 (1925) ; Physik. Z., 27 , 764 (1920). 


Cl— CO 2 C 2 HB 
CHs— H 

B.p. 129.579 mm. 

JTg. 27 
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Cab=Cab. Where the groups a and h are complex, the dipole moment 
of the group may largely overshadow the effect due to the cis or irans 
configuration of the molecule. However, m the case of diethyl maleato 
(n = 2.54 X 10“^® e.s.u.) and diethyl fumaratc (m = 2.38 X 10“^* 
c.s.u.) the cis form has the greater dipole moment.*® For olefins of 
the tj^ Cab—Cde or Cah=Cad, the dipole moments are not so 
useful in the assignment of configuration. 

X-Ray Measurements (p. 1762). Debye has examined the x-ray 
diffraction patterns of the two dichloroethylenes.” In the lower- 
melting isomer, which has been generally assigned the cis configuration, 
the distance between the chlorine atoms is 3.6 A. In the higher-melting 
trans isomer this distance is 4.1 A. Thus, x-ray measurements als(} con- 
firm the configurations which were assigned on the basis of they)ther 
physical propertkis. 

Other Physical Constants (p. 1720). The density,*® molecular refrac- 
tion,*® molecular dispersion,** absoiption sjXMkra,*® Raman spectra,** 
parachor,** and other constants for cis-trans isomers have; been studied, 
and sometimes they aid in as.signing definite configurations to the 
isomers. However, thcise measurements are less useful than the ones 
which have bee.ri discussed above. 

Kinetic Studies. Recently studies on the rat e's of j'cacl ions invoh'ing 
cis and irans isomers have beeai used to (;stat)lish (ionfiguration. Wright 
found that m-methyl cinnamate was mercurated about thn'ce times us 
fast as the trans form, and that c/'.s-stilb('ne was mereniratod i-('adily while 
the trans isomer was not. Using tlu'se fae-ts ferr e-ompariseen, Themias anel 
Wetmore mercurated the isome'ric 2-bute'ne's and on the basis of le-ac- 
tion rates assigned the trans configuration tee the isomer whie-h melts at 
-108.8°. 

Smyth and Walls, J. Am. Chern. Soc., 63, 527 (1031). 

Debye, Physik. Z., 31, 142 (1930). 

von Auwers and Harres, Z. 'physik. Chem., 143, 1 (1920); Wassennaim, Ber.., 63, 
659 (1930). 

von Aiiwers and oo-WTirkers, Bcr., 64, 024 (1921) ; 66, 724 (1923) ; 67, 437, 440 (1924) ; 
Ann.y 432, 46, 94 (1923) ; Chavanne, Htv. gvn. sci., 36, 333 (1924) ; Bruylants, B'ull. soc. 
chim. Belg., 39, 572 (1930). 

Errera and Henri, Conipt. rc7id.f 181, 54eS (1925) ; Errcra, ./. Phys. Radium^ (VI) 7, 
215 (1926); Bruylants and Castille, Acad. roy. Bvlg., 8, 130 (1925); 13, 707 (1927); 
Bruylants, Bull. soc. chim. Belg., 39, 572 (1930); Ramarte- Lucas and lloch, ('ompt. rend., 
189, 696 (1929) ; Ann. chim., [ 10] 13, 3eS5 (1930) ; Stolibc, Ber., 43, 504 (1910) ; Baly and 
Tuck, J. Cheni. Boc., 93, 1902 (1908) ; Baly and Schaefer, ildd., 93, 1812 (1908). 

Piaux, Ann. chirn., [11] 4, 167 (1935). 

Serneria and Ribotti-Lissonc, Gazz. chim. ital., 60, 862 (1930) ; Sugden and Whit- 
taker, J. Chem. Soc.y 127, 1868 (1925). 

28 Wright, J. Am. Chem. Soc., 67, 1993 (1935). 

2^ Thomas and Wetmore, ibid., 63, 136 (1941). 
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meso-Dibromobutane and mrso-dibromosuccinic acid react with 
iodide ion faster than the corresponding dZ-isomers.*® 

The reaction involved is 


RCHBrCHBrTl + 31- BCTI^CIIR + br + 2Br- 

Young studied the rates of react ion of a large number of isomeric ethyl- 
ene dibromides with potassunn iodide and found that the weso-dibro- 
mides (from the tmns compounds) reack'd more rapidly than the corre- 
sponding dZ-dibromides (from the cia compounds). Rate studies of this 
type may bo used as a means of kkaitifying cin-trans isomei’s. 

Interconversion of cis-trans Isomers. Usually, one of the isomers 
of a cis-trans pair is a labik^ form and can be readily changed into the 
more stable isonu'r by the aedion of heal, or a variety of chemical agents. 
For example, heat converts inah'ic! acid into fumaric acid;*^ methyl 
C'is-a-bromocinnamal(i (Fig. 28) into methyl Zrans-a-bromocinnamatc 


H— C;— CcTIr. 


Br— C— CO.CHa 

I’lG. 28 


ima CcTU-C-n 

> II 

Br— C-COsClIs 
Eia. 29 


(Fig. 29); and angelic acid (Fig. 30) into tiglic acid (Fig. 31). In most 
of th(! isomers that hav(' b('(',n examined, the cis form is the labile and the 
trails form the stable one. This agix'es with the usual dilTerence in energy 

11- (' Cdla H»at C'lla— F-lt 

II ■> II 

CHs- C- t’OoH CHa— C— COJI 

I'lG. 30 Fio. 31 


conkmt showm by the lu'at of combustion data for the isomers in this 
sci’ies. (See T able I . ) 

If th(' stability of the two isomc'rs is about t'qual, mixtures of the cis 
and trans forms an' produc('d when either compound is treated with 
agents which cause inversion. Thus, heating the cis compound (Fig. 32) 
causes only partial conv('rsion to the trans compound (Fig. 33), and 

CeTR— ('— Br CelR- C— Br 

II II 

CelRCO— C— Br Br— C-COCeHs 

Fig. 32 Fig. 33 


Van TXiin, Ihc. irav. chtvi., 43 , 341 (1024) ; 45 , 345 (1926) ; Dillon, Young, and Lucas 
J. Am. Chem. Soc., 52 , 1953 (1030). 

Young, Pressman, and Coryell, J. Am. Chem. Soc., 61 , 1640 (1939). 

Tanatar, Ann., 273 , 32 (1803) ; Ilojendahl, J. Phys. Chem., 28 , 758 (1924). 
Anschiilz, Ber., 20 , 1383 (1887). 

Blaise, Ann. chim. phys., [8] 11, 111 (1907). 
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heating the trans compound with iodine also gives a mixture of the two 
isomers.®® 

The effect of exposure to sunlight often parallels the action of heat, 
but ultra-violet light, by the addition of energy to the stable form, trans- 
forms it into the labile modification. Thus, exposure of fumaric acid to 
ultra-violet light converts it into maleic acid. This general proce- 
dure is often the best method for obtaining the labile form, since the prod- 
uct of a chemical reaction is usually the stable modification. 

Small amounts of various chemical agents also promote the inter- 
conversion of isomers. It is probable that only substances which can 
add to the double linkage can eff(‘ct the transformation. The halogens 
and halogen acids arc the most widely used reagents. Traces ofl iodine 
and sunlight are catalysts for the conversion of maleic esfiir into ffirnaric 
ester and m-cinnamic a(!id into trans-cinnamic acid.®® Boiling with 
aqueous solutions of any of the halogen acids converts makuC into 
fumaric acid,®* citraconic acid into mesaconic acid,®® and c/.s-a-methyl- 
glutaconic acid into <ra'/i«-«-methylglutaconic acid.®® Nitric and niti-ous 
acids can also be used; the latl-er converts eriudc acid (Fig. 31) into 
brassidic acid ®^ (Fig. 35), and oleic acid (Fig. 30) into elaidi(^ acid ®® 
(Fig. 37). Phosphorus pentachloride converts maleic acid into fumaryl 
chloride, which, on hydrolysis, yields fumaric acid.®® 

II— c— (CHs) 7CH3 cn3(CH2) H 

II -> ^1 

H— C— (CH2)iiC02H 11 — C-- (Cllo)nCO.>n 

Fig. 34 I'la. 35 

Cll3(CH..)r-C— 11 

li 

II— (('Il2)7CX)3H 
Fig. 37 

Skraup made the interesting observation that neither sulfur dioxide 
nor hydrogen sulfide alone was able to causi' the transformation of mak'ic 
acid into fumaric acid, but, when aqueous solutions of the two wore added 

Dufraissc, Compt. rrvd., 168 , 1691 (1914). 

Stoeriner, Ber., 42 , 4805 (1909); Warburg, Bar. Berl. Akad., 900 (1919). 

Anschutz, Ber., 12 , 2282 (1879). 

’’ Berthoud and Bcranock, J. chim.. phye., 24 , 213 (1927) ; Berthoud and Urcch, ibid. 
27 , 291 (1930). 

Skraup, Monatsh., 12 , 118 (1891). 

« Kekule, Ann., BpL, 2 , 94 (1803). 

Feist and Pomme, Ann., 370 , 67 (1909). 

«mankoff, J. praU. Chem., 131 , 293 (1931). 

Griin, “Analyse der Fetto und Wachse,” Springer, Berlin (1925), Vol. I, p. 239. 

8® Perkin, Ber., 14, 2548 (1881). 


H— C— (CHo) 7— CHs 

II 

II— C— (CIl2)7— COall 
Fig. 36 
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to maleic acid, conversion to the trans isomer did occur.^® The con- 
version appears to be due to the presence of finely divided sulfur, since 
the addition of acid to a solution of maleic acid contahiing sodium 
thiosulfate also causes the formation of fumaiic acid.^' 

Various theories have bocm advanced to account for this catalytic 
effect of halogens, halogen acids, etc., in the conversion of cis to trans 
isomers. Usually the explanation has involv(^d addition of the catalyst 
to the double bond and subsc'quent removal of the catalyst to regenerate 
the double bond. The most serious objection to any such theory is 
that, in general, the products of addition of these catalytic agents to an 
olefin are stable and should not be decomposed under the conditions 
which produce the transformation of one isonu'r to the other. 

Olson has pointed out that the conversion of cr's-dibromocithylene 
to frans-dibromoethylene by the catalytic action of bromine and heat is 
very closely redated to the Wakhin inversion whicdi has so often been 
observed in opticrally activ(! molecules in rcatdions which involve groups 
attach(id to an asymmctiic carbon atom. According to Olson’s views, 
the conversion of as-dibromocthyk'ue (Fig- 38) to <ra as-dibromoethylene 




(Fig. 40) w’ould altcir tlu’; configuration of one of the atoms carrying the 
doubk' bond. This chang(' is brought about by a bromide ion colliding 
wdth one of the carbon atoms held by the doubk' bond at a point on the 
face of the b'trahedron opposite th(' apex occupied by the bromine atom 
(Fig. 39). Tills particidar position on the face of the tetrahedron 
opposite the apex occupic'd by the bromine atom is the easiest point of 
approa(h for the entering bromide ion bc'(raus(^ the sphere of influence of 
the carbon-bromiiKi bond in the olefin molecule extends backward to this 
point. When the bromide ion striki^s this face of the tetrahedron, the 
bromine atom originally attached to the ap(« opposite the point of col- 
lision (!an move away from its point of attachment, and the tetrahedron 
will re-form with the new bromine atom on the opposite side of the mole- 

« Rkraup, Monatsh., 13 , 108 (1891). 

Freundlich and Schikorr, KoUoidcheni. Beihcfte 22, 1 (1926). 

Olson, J. Chem. Phys., 1 , 418 (1933). 
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cule. Naturally, this change may go in either direction, but the tend- 
ency will be to produce, in the end, the more stable or trans isomer. 

This theory of Olson is very attractive for the inversion discussed, 
where the catalyst is made up of particles which are like those attached 
to one carbon atom concerned in the interconversion, but it does not 
cover those where the reagent which causes inversion is entirely different 
from the groups in the olefin. A more general theory must be sought to 
account for these interconversions. 

At the present time the best general mechanism which can be ad- 
vanced to account for the interconversion of isomers is one which in- 
volves a polarization of the double bond, such as Carothers has postu- 
lated as taking place in the preliminary stage of an addition inaction 
involving a double bond.^ \ 


a:C::C:a <=i o:C:C:a 
b b "b b 

Fio. 41 Fio. 42 

This unbalanced molecule (Fig. 42) is probably produced by a col- 
lision between one of the catalyst molecules (Fig. 4.‘1) and the olefin, 
resulting in a transitory double inolocuU' (Fig. 44). Then the bombarding 
catalyst molecule drops away from the carbon atom, and the polarized 
double bond (Fig. 45) comes into exist(‘ncc for a short time. In this 
molecule the carbon atom which is deficient in electrons is unbalanced, 



and the vibration of the positive nucleus will be of such a nature as to 
make the atom essentially planar. When the tetrahedral nature of this 
carbon atom is lost, there is j^t as much chance for the double union to 
form and produce the irans isomer (Fig. 46) as there is for it 1o produce 
the original cis isomer. Moreover, since the trans isomer is fundamen- 

Berthoud and Urech, J. chim. phya., 27, 291 (1930). 

** Carothers, J. Am. Chem. Soc., 46, 2226 (1924). 
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tally the more stable, the molecules which are formed with this configura- 
tion will eventually be the only ones in the reaction mixture. 

The rates of thermal isomerization of several cis-trans isomers in the 
gas phase were studied by Kistiakowsky and by Jones.'*® The isomeri- 
zation was found to be homogeneous and of the first order over a range 
of 566-608° K. in the case of frans-dichloroethylene. The mechanism 
proposed for such reactions was activation of the carbon-carbon double 
bond to form a single bond with two free valences, free rotation, inversion 
at one carbon atom, and again formation of a double bond. 

A new and interesting example of cis-trans isomerism is furnished by 
the stilbenediols of which 2,2',4,4',6,6'-hexaraethylstilbenediol is an 
example.*^ Catalytic hydrogenation of mesitil (Fig. 47) produced either 
the CIS or trans form, depending on how long the treatment was con- 
tinued. The CIS or low-riu',Iting isomer (Fig. 48) was always formed first 
and slowly isomerized to the trans isomer (Fig. 49) under the influence of 

CHsO 0 CH,, CH 3 




hydrogen and platinum. The pure cis form was converted to the trans 
form merely by shaking it with platinum catalyst, wliich represents an 
interesting catalytic conversion of a cis to a trans isomer. 

Kistiakowsky and Nelles, ihid., 64 , 2208 (1932) ; Kistiakowsky and Smith, ibid. 
66 , 638 (1934) ; 67 , 209 (1935) ; 68 , 706, 2428 (1936). 

“ Jones and Taylor, ibid., 62 , 3480 (1940). 

Fuson, Scott, Horning, and McKeevor, ibid., 62 , 2091 (1940). 
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Lutz has made a systematic study of the effect of substitution on 
the stability of the geometric forms of jS-aroylacrylic acids. The forma- 
tion and reactions of lactones and lactamols in the cis acids and amides 
have also b(;eu investigated. Lutz found that a methyl group on the 3- 
carbon atom of the acrylic acid stabilized the cis form better than a 
methyl group on the 2-carbon atom and that methyl groups on both the 
2- and 3-positions made the cis form very stable. 

The compound made by esterification with methyl iodide of the 
silver salt of the acid obtained by the action of benzene on maleic an- 
hydride was identical with the compound made by the action of ben- 
zene on the monomethyl ester acid chloride of fumaric acid. Inversion 
had taken place in tlu' case of the maleic anhydride to give the trans 
acrylic ester, Fig 50, indicating it to be the stable form. \ 


lie— CO 


>0 -"“"4 

/ AlOlj 


lie— CO 


CfilLCO— CH 


lie- CO2H 


Silver salt 
^CUal 


cico— eii 

II 

HC— C02C1I3 


CsHs 

AlCU^ 


CeHsCO-CII 

HC— CO 2 CH 3 


Fig. 50 


Isomerizations of .3-(p-bromobenzoyl)-2-methylacrylic acid (Fig. 51) 
and 3-bcnzoyl-2,3-dim('thylacrylic acid (Fig. 52) are summarized in the 
following charts: 


cieoeiT 

II 

CH 3 CCOCI 


CcHsIir 
AICI 3 ^ 


iivCtihcxKm 

W 

cii3cx:02ii 


CH3011 
(11 *) 


<- 

(OH) 


BrC6H4COCII 

II 


CHaCeOsCII;, 


Fig. 51 


tram form 


SunliBla 
Ether T 


CHsOH Sunlight 
Oi. 1 15011 


r:nci3 

+ 

h 


HCCoCeiLBr ne.eoe-6H4Br 

cn3ceo2H eH3eeo2CH3 

cia form cis form 

« Lutz and others, ihid., 62 , 3423 (1930) ; 65 , 1585, 1593 (1933) ; 66 , 445, 1378 

(1934) ; J. Org. Chem., 4 , 95 (1939) ; 6 , 77, 91, 175 (1941). 
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CHjC— CO 



CH 3 C— CO 


CH 3 C— COCl 

II 

CH 302 CC— CH 3 


A 1 C 13 

Ceilc 


.on 


CH 3 C—C— Cells 


0 


CH 3 C— CO 
I CH 2 N 2 


CTI 3 C— COCeHe koh 


or 


CII 3 C— CO 2 H 
Fig. 52 


ClljOH 


CH 3 C— COCelTe 


AlClj 

CeHg 


CH 3 C— COCeHe 

Cn 302 CC— CH 3 
tram form 


crisC— C0..CIT3 

CIS form 


Chemical Behavior of cis-trans Isomers. It has already boon 
iiiontioncd that cis isornors can often be convcTtc'd to ring compounds 
more readily than can the irans isonuTS. There are otluT reactions in 
which the isomers show distinct differences in th('ir Ix'havior. 

Sunlight will cause the two cinnamic acids to diin('riz(', giving cyclo- 
butane derivatives. tra?r.s-Cinnamic acid (Fig. 53) giv(^s truxillic acids 


Celle II 

I I 


11 

C02n 

CelIr.CII CHCOall 

Celle 

1 

H 

llOoCCJl CliCelle 

1 

c 

1 

=C 


H 

CC)2H 


Fig. 53 


Fia. 54 


(Fig. 54), whereas ew-cinnamic acid (Hg. 55) gives truxinic acids 
(Fig. 56).“'' 

« Stoennerand co-workers, 342 , 1 (1905) ; Bi t.. 42 , 4805 (1909) ; 44 , 639 (1911) ; 
46 , 3099 (1912) ; 46 , 1249 (1913) ; 47 , 1780 (1914) ; 65 , 1030 (1922) ; Stobbe, Her., 68 , 2415 
2859 (1925) ; Shemyakin, CovipU rend. acad. sci. U.R.S.S.f 29 , 199 (1940). 
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CeHs 

1 

CO 2 H 

1 



1 

c 
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1 

1 



1 

H 
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H 

CsHbCH— 

— CHCbHb 


— > 

1 

1 

CeHfi 

1 

CO 2 H 

1 

HO 2 CCH— 

— CHCO 2 H 

1 

c 

1 

1 

1 



1 

H 

1 

H 



Fia. 55 


Fig. 56 


Relationship of Olefins to Acetylenes. Wislicenus pointed out 
that the addition of groups to an acetylene (Fig. 57) should theo^tically 
produce a cis isomer of the olefin type (Fig. 58). i 


H 

I 

C II— C— X 

+ XY -> 

C H— C— Y 

I 

H 

Fig. 57 Fig. 58 


In actual practice this theory has been found not to be valid. Michael 
showed that addition of bromine to acetylenedicarboxylic acid (Fig. 59) 
produced mainly dibromofumaric acid (Fig. 00), and halogen acids 
gave halofumaric acids (Fig. 61) rather than maleic acid derivatives.®'^ 

CO 2 II 

I 

C Br— C— CO 2 H 

III + Br2 — > II 

C HO 2 C— C— Br 

I 

CO 2 H 

Fig. 59^ nx Fig. 60 

X— C— CO 2 H 


HO 2 C— C— H 
Fig. 61 

^ Wislicenus, Ahhandl. s&chs. Ges. Wias., 14, 1 (1887) [Chem. Zenlr., 1006 (1887)] 
“ Michael, J. j/rakl. Chem., 46, 210 (1892). 

“Michael, ibid., 62, 321 (1895). 
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Catalytic reduction of acetylene derivatives sometimes yields cis and 
sometimes trans olefins, depending on the catalyst and the conditions of 
reduction. These results show that addition to the triple bond must in- 
volve configurational changes during addition, or inversion of olefin 
isomers by the catalytic effect of the adding group. The conditions 
which favor inversion are encountered in the conditions which favor 
addition of a rc'agent to an acetylene molecule. 

It is easier to remove halogen acid from a trans olefinic derivative 
than from the cis isomer. Thus, halogen acid is removed from chloro- 
fumaric acid (Fig. 62) about forty-eight times more rapidly than it is 
from chloromalcic acid“ (Fig. 6.3). 


CO-H 


Cl— C— CO2II 


IIO2C— C— H 


KOH 9 icon 

I <- — 

Rapid Slow 

reaction leaction 


CO2II 

Fig. 62 


Cl— C— COall 


H— C— COzil 


Fig. 63 


In the cases studied, the elimination of groups from trans positions 
takes place more readily than elimination of the same groups from 
the cis positions. 

Relationship of cis-trans Isomers to Saturated Derivatives. The 

addition of hydroxyl groups to the double bonds in maleic and fumaric 
acids k'ads to the' formation of tartaric acid derivatives. It is of interest 
that careful oxidation of maleic acid (Fig. 64) yields ineso-tartaric acid ^ 
(Fig. 65), 

CO2H 


II— C— CO2II 


II 

H— C— CO2II 


Fm. fi4 


n— c— OH 

Dll. j 

KMn 04 

1 

CO2H 
Fig. 65 


while under the same conditions fumaric acid (Fig. 66) yields di-tartaric 
acid®® (Fig. 67). 

In this oxidation it is obvious that the hydroxyl gi-oups enter the 

Michael, ibid., 62, 308 (1895). 

“ Kekul6 and Anschutz, her., 14 , 713 (1881). 

®® Kekulfi and Anschutz, Ber., 13 , 2160 (1880). 
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molecule at the same positions on the carbon tetrahedrons which were 
previously united in the double union, and cis addition has occurred. 

COall CO2H 

1 I 

11 — C— CO2H HO— C— II H— C— OH 

HO2C— C— H H— C— OH HO— C— H 

1 1 

CO2H CO2H 

Fig. 66 Fig. 67 

cis Addition, however, is not the general behavior, for bromine adds 
to maleic acid to give the racc'mic dibromosuccinic acid, whereas ^umaric 
acid and bromine give the wci’e-dibromosuceinic acid.*® The\mech- 
anism of the addition of bromine to th(' double union must be son^ciwhat 
different from that of the addition of hydroxyl groups by the action of 
potassium permanganate. 

Braun has shown that the nature of the reagent and the experi- 
mental conditions used have important eff(‘cts in determining whether 
cis or trans addition occurs when th(' crotonic acids are oxidized. The 
following chart summarizes his results: 

CO2II 


H— C— COjH H-C-OII 


^ 11 


A«:Clo.,*()sO^ 


1 

CHj-C- 

-II - 

CIS addition 

»■ no 

-C— H 

1 

trans •Croiomc y 




Add ^ 
M.p. 12 



CII3 

c77-Thr('<>-l,2-dI- 




hydroxybutyric Acid 





M.p. 75“ 





COjH 

1 

•o 

1 

-COiH'' 

A8:C10;,»0804 

H- 

-C-OII 

1 



cis uddlUou 



H— 6- 

-cn, 


II- 

-C— OH 

cis-Croioilic 



1 

Acid 
M.p. 14 

.6® 



CHj 


<II.Eiy(lir().l,2-(Il- 
hydroxy butyric Acid 
M.p. «!“ 


The Diels-Alder Reaction. The steric scsh'ctivity of the diene 
synthe,sis has been studied by Alder and Stein.*® There are two possible 
ways in which the diene can add to the activatc^d double bond: 

Terry and Eichelberger, ./. Am. Chem. Soc., 47 , 1007 (1925). 

Braun, ibid., 61 , 228 (1929). 

“ Alder and Stein, Angew. Chem., 60 , 510 (1937). 
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I 



cin addition trans addition 


An example is the reaction of l,.‘]-butadiene witli maleic acid: 


CH — CH CH=CH 

II II + I I 

CH2 CIIz HO2C 


CII=CII CII=CII 

I -/ \ / \ 

CO2H CH2 CTI2 or CII2 CII2 

\ii n/ \,ino,c/ 

c — c 


c- 

I 

H02C 


-c 

I 

C02H 


Fio. 68 


IIO2C H 

Eia. 69 


'i''he CIS acid (Fig. 08) is isolated from the reaction mixture. Proof of this 
is the fact that hydrogenation of th(' prodiu't gives the ci.s'-hexahydro- 
phlhalic acid (Fig. 70). The cf.s acid does not come from rearrangtnnent 


0 

H02C C02II 

Fia. 70 



HO2C 
Fra. 71 


of the trans acid during hydrogenation because if the comi)ound repre- 
sented by Fig. 08 is rearranged to that represented by Fig. 09 and then 
hydrogcaiated, the hw/.s-lu'xahydrophthalic acid (Fig. 71) is pn)duced. 

Another example of cis addition is the reaction of 1,3-butadiene with 
1 ,4-benzoquinone : 

cn=cH2 

Fjq. 72 Fia. 73 

The product isolated is that nipresented by Fig. 72, shown by the fact 
that hydrogenation followed by mild oxidation produces the cis-hexa- 
hydrophthalic acid (Fig. 70). Numerous studies have shown that pure 
cis addition always occurs in the diene synthesis. 
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Another type of isomerism possible in diene syntheses is the exo- 
endo type. This is illustrated by the reaction product of cyclopenta- 
diene and maleic anhydride. Actually, the endo form is produced in 
the reaction. 



CH-c; 




CH— c; 


> 





cis-trans Isomers in Polyolefins. When more than one rjnsym- 
metrically substituted double bond is present in a molecule, thd num- 
ber of cis-trans isomers can be readily determined by writin'p out 
the possible structures. If the groups attached to the doubly bound 
carbon atoms are such as to make all olefin units unlike, the numbtir of 
isomers possible is 2", when; n is the number of olcifin linkages. Thus, 
the compound afcC=CR — CIl— Ced can exist in four cis-trans forms 
(Figs. 74-77). However, where the substitution around the olefin 


R— C C— R 

II II 

a—C—b c—C—d 
Fia. 74 


R— C C— R 

II I! 

b — C — a c — C — d 

Fig. 75 


R— C C— R 


R— C C— R 


a — C — b d — C — c 
Fig. 76 


b — 0 — a d — C — c 
Fig. 77 


linkage is such as to make the units alike, the number of isomers is less 
than 2". For examjjle, the compound a{>C=CR — CR=C«1> can exist 
in only three cis-trans forms (Figs. 78-80). 


R— C C— R 


R— C C— R 


R— C C— R 


a—C—b b—C—a 
Fig. 78 


h — C — a a—C — b 
Fig. 79 


a—C—b a-C—b 
Fig. 80 


Kuhn and Winterstcin point out that the number of isomers in 
polyenes of the type, R(CH=CH)„R is equal to 2"“^ -|- 2^~^; where n 
is the number of double bonds. If n is even, then p = n/2; if n is odd, 
then p = (n -t- l)/2. The synthetic and natural polyenes usually occur 
in only one of the possible isomeric forms. 

Kuhn and Winterstcin, Helv. Chim Acta, 11, 87, 116, 123, 144 (1928). 
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Caebon-Nitrogen Double Bonds in Oximes 

In 1883 Goldschmidt^ noted that bonzildioxime could bo con- 
verted to an isomeric compound merely by healing its alcohol solution. 
A short time later Beckmann ^ showed that bcnzaldoxime exists in 
two isomeric forms. Since that time, many ('xamples of isomeric 
oximes have been recorded. In 1890, Hantzsch and Werner* pointed 
out that if the three valencii's of the nitrogen atom in an oxime 
do not lie in the same plane, th(Te should be an analogy between the 
isomerism of oximes and that of cis-lrans isomers in the olefin seritis. 
Th(i assumption of Hantzsch and Witik'i- has proved valid, and now, 
with the knowk'dge that the nitrogim atom is tetrahedral, the existence 
of cis and tram isomers in oximes is explained on exactly the same basis 
of n'stricted rotation as was used in the olefin series.* 

All aldoxiiiK's and k(d,oxim('s of unsynuiK^trical ketonc's should be 
(capable of existing in as and tram forms (Figs. 1-4). One corner of the 



Fio. 1 Fi(i. 2 Fig. 3 Fig. 4 


nitrogen tetrahedron is occupied by an unshared pair of electrons. 
These c.ompounds are usually written in th(i condensed form shown in 
Figs. 5-8. 


R— C— H 

R— C— H 

R— C— R' 

R— C— R' 

11 

11 

11 

11 

110— N 

N— on 

HO-N 

N— OH 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 


In the nonu'iiclature of oximes it is customary to use the prefix syn 
in place of cis, and anti in place of tram. In aldoximes the isomer 
(Fig. 6) w'hich has the hydroxyl group of the oxime closer to the hydrogen 
atom on the carbon is called syn and the isomer (Fig. 5) in which the 

1 Goldschmidt, Her., 16 , 2176 (1883). 

^ Beckmann, Bcr., 20, 2706 (1887). 

^ Hantzsch and Werner, Ber„ 23 , 11 (1890). 

* It should be noted that, if the nitrogen atom is tetrahedral, tertiary amines of the 
type R^R^R^N should be resolvable. However, this has never been realized experimeiit- 
aUy (p. 402). 
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hydroxyl group and hydrogen are on the; opposite sides of the double 
union is called anti. In the case of ketoximes, it is necessary to indicate 
which group of the ketone is s?/n or anli to the hydroxyl. Th(! examples 
given below illustrate the system of naming which is in common use. 



HON 
Fig. 9 

« 2 /w-Pht*nyl /i-tolyl ketoxime 
or 

awfz-p-Tolyl phenyl ketoxime 


NOH 
Fig. 10 

syn-p-To]y\ jiiienyl ketoxime 
or 

anfi-Phenyl p-tolyl k(‘toxime 


It has been suggestc'd that sijn and anli forms of oximes are structural 
and not stereoisomers. The various possible structural forms which 
have been suggested are the following; 



n 

R— C- 

-R' 

R— C— R' 

R~C— R' 

hn/^ 

N= 

=0 

11 

IIN->0 

!i 

N— OH 

Fig. 11 

Fig. U 

) 

Fig. 13 

Fig. 14 


The first two of these possible isomers (Figs. 11 and 12) contain 
asj^mmetric carbon atoms and should be resolvable, whereas no oximes 
have been obtained in which optical activity is due to the oxime group- 
ing. The nitroso stmeture (Fig. 12) does not account for the known 
ampAoteric character of the oximt's. 

The amine oxide type formula (Fig. 13) has received considerable 
attention. Actually alkylation of a symmetrical oxime often produces 
two isomeric products, one a nitrogen alkylated oxime which is derivc'd 
from this amine oxide typt*, and the otlu'.r an oxygen alkylated i)roduct 
derived from the usual oxime structure (Fig. 14). 

Semper and Li(^htenstadt ^showed that benzophenone oxime (Fig. 15) 
on methylation gives an N-methyl derivative (Fig. 16), and an O- 
mcthyl derivative (Fig. 17). 


CelH— C— Celh (CH 3 ) 2 S 04 CeHs— C-CelH 

II - - > II and 

N— Oil NaOH CH,— N-*0 

Fig. 16 Fia. 16 


CrJh-C— CcHs 

N-OCH, 
Fig. 17 


HOIl / \Zn HOH/ \Zri 

^HCl \^CH3C02H X^CIIsCOjH 

CelhCOCelU CelUCHCoIIe CcIhCOCelh CelhCIICetlc 
"Hi "Hi 

[CIIaNIhOIIJCl CHsNII [HjNOCIhlCl NIh 

Fig. 18 Fig. 19 


* Semper and Lichtenstadt, Bcr., 61, 928 (1918). 



cis-trans ISOMERISM 


467 


The structure of the N-methyl derivative (Fig. 16) was established 
by the fact that it could be hydrolyzed to give N-methylhydroxylamine 
and benzophenone, while reduction convcrb^d it into benzohydrylmethyl- 
aminc (Fig. 18). The 0-mcthyl derivative (Fig. 17) by hydrolysis gave 
0-inethylhydroxylaniine and by reduction bcnzohydrylamine (Fig. 19). 

Further evidence of this has bexm obtained by studies of the oximes 
of phenyl p-tolyl ketone^ and p-nitrobenzophenone.® These un- 
symmetrical ketones yield the usual syn and anti forms, each of wliich 
on alkylation gives 0-alkyl and N-alkyl derivatives. Hence, the amine 
oxide structure does not aid in accounting for the syn and anti forms of 
oximes, but is necessary to ac(^ount for the tautomerism of these isomers. 

The non-planar nature of the trivalent nitrogen atom in an oxime 
was definitely proved by the resolution of the oxime of cyclohexanone-4- 
carboxylic. acid by Mills and Bain.® This oxime does not exist in syn and 



anti forms as would be required if the three vakaicc^s of the nitrogen atom 
W(‘ie in one plane. It doc's (^xist as a raccmiic mixture which can be 
separak'd into its two optical isomers. The n'solution of this oxime 
further shows that tlu! nitroso formula (Fig. 12) is not a possibility, 
since 4-nitrosocyclohexan('-l-carboxylic acid has a plane of symmetry. 

Determination of Configuration. Assigmmmt of configuration to 
oximes has been made on the basis of (1) relation of an o.xime to a cyclic 
(!Oin])ound; (2) product of the Beckmann rearrangcunent of an oxime; 
(8) dipole moments of alkyl derivatives of oximes; (4) evidence for 
restricted rotation in cert ain oximes. 

Relationship to Cyclic Compounds. As in the case of cis-trans isomers 
in the olefin series the best method of proving the structure of an oxime 
is to relate it to a cyclic compound. 

Brady and Bishop ’ prepared two forms of 2-chloro-5-nitrobenz- 
aldoxime. These two isomers behaved differently wlnm treated with 
dilute alkali and with acetic anhydride. It should be noted that the 
aldoxime (Fig. 20) which loses hydrogen chloride to form a cyclic mole- 
cule (Fig. 21) under the influence of alkali is the form which gives an 

‘ Brady and Mehta, J. Chew. Soc., 128 , 2297 (1924). 

« Mills and Bain, ibid., 97 , ISGG (1910). 

^ Brady and Bishop, ibid., 127 , 1357 (1925). 
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unstable acetate (Fig. 23) with acetic anhydride; the acetate loses 
acetic acid readily to give the nitrile (Fig. 24). Since only the anti form 
of the aldoxime (Fig. 20) can give a cyclic compound, it must be con- 
cluded that trans elimination of acetic acid is the rule in the aldoxime 
acetate series. 


OsN, 



NaOII ^2^1 


Cl HON 
Fig. 20 

O2N, 



CH 


II 

N 

' 0 / 




OH 



Fig. 21 
-CH O2N, 


Fig. 22 


Cl CH3COON 
Fig. 23 


o: 

Fig. 24 


The indoxazine (Fig. 21) readily rearranges to the phenolic nitrile 
(Fig. 22). 

The syn form of 2-chloro-5-nitrob('nzal(loxim(^ (Fig. 25) is not con- 
verted to a cyclic molecule with dilute alkali and givi's a stable aci'tate 
(Fig. 26) on treatment with acetic anhydritie. This acetate can be con- 


O2N1 



II (CII, 00)20 

„ II > 

NOH 



NOCOCH3 


Fig. 25 


Fig. 26 


verted to the nitrile (Fig. 24), but only with difficulty, and the change 
apparently involves a preliminary rearrangement of si/ii-acetate (Fig 26) 
to anri'-acetate (Fig. 23). 

Meisenheimer * made a similar study with the isomeric 3-uitro- 
2,6-dichlorobenzaldoximes. The anii-oxime (Fig. 27) gave a cyclic com- 
pound (Fig. 28) which readily rearranged to the phenolic nitrile (Fig. 29) . 
The acetate of the oxime (Fig. 30) was unstabki, and sodium carbonate 
converted it into the nitrile (Fig. 31), whereas the Hyn-oxime (Fig. 32) 
was unaffected by alkali and gave a stable acetate (Fig. 33) on treatment 
with acetic anhydride. * 

Meisenheimer * used this same general procedure to establish the 
structure of the syn and anti forms of 2-bromo-5-nitroacetophenone 

® Meisenheimer, Theilacker, and Beisswenger, Ann.^ 496 , 249 (1932). 

* The literature previous to 1925 contains many errors in connection with configura- 
tional work on aldoximes, as it was then thought that the oxime whicli gave the unstable 
acetate and nitrile was the syri compound. In reading this earlier literature, it should be 
remembered that configurations arc reversed in almost all cases. 

® Meisenheimer, Zimmermann, and Kummer, Ann., 446 , 206 (1926). 
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Cl 



-cn 


NaOH 


Cl 


NO 2 
Fia. 27 


HON 

(CUaCOiO 

Cl 


Cl 

o 



Cl 


NO, 


Cl 



Fig. 30 


-ClI 


Cl 


,N) 


NO 2 

Fig. 28 


-CII 

II 

N 

1 / 



CN 

OH 


NO, 
Fig. 29 


Cl 


CH Na 2 C 03 

II > [ L, 

C113C00N 


NO 2 
Fig. 31 


Cl 


(CUjCOhO 


Cl 


NO, 


NOH 



-cn 


C! 


NO, 


NOCOCH3 


Fig. 32 


Fig. 33 


oxiino. Tlio «-oximo, molting at 171°, is unaff('(;tod by alkali and must, 
tlu'rofon^, be sy/i with resjx'ct to the hydroxyl grouj:) and the; methyl 
group (Fig. 34). The /3-oxim(‘, m. p. 182°, gives an indoxazinc (Fig. 86) 
on Iroatment with alkali, and hence is k-yn with respect to the hydroxyl 
group and phenyl group (Fig. 85). 


O 2 N 


— C— Clb 

’»'■ JloH 

Fig. 34 


O 2 N 1 


Rr " 
IION 

Fig. 35 


C “CII 3 NaOH ^^^1 
> 


\o/N 


-C-CHa 


Fig. 36 


In 1921 ]SIoisenheim(!r oxidized 3,4,5-tnphcnylisoxazole (Fig. 37) 
and obtained the benzoyl derivative (Fig. 38) of the benzilmonoxime 
having the hydroxyl anti with re.spect to the phenyl group. This benzoyl 
derivat ive was hydrolyzed to the free oxime (Fig. 39) which, on benzoyl- 
ation, gave the original acyl derivative again. 


CelU— C- -C— Cells Celle— C C— Celle CeHe— C C— Celle 


A 


Ns /C— Celle 


Fig. 37 


Oxid 


i, 


N— O— C— CeH. 

A 

Fig. 38 


IohA 


Fig. 39 


Meisenheimer and Weibezahn, Ber., 64, 3195 (1921). 
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In 1924, Kohlor “ ozonized 3,4-diphenyl-5-carboxyisoxazolc (Fig. 40) 
and obtained the same monoxime of benzil (Fig. 39). This form had 
previously been named the /S-monoxime of benzil. The second isomer, 
called the «-monoximc of benzil, must have the syn-phenyl configura- 
tion (Fig. 41). 


Cells— C- 


-C— C,He 


N\ /C— CO 2 H 
Fig. 40 


Celle- C C— CeHe 

II Jl 

NOH O 

^-Benwlmonoxime 

Fig. 39 


CeHe— C C— CeHe 

II II 

HON O 
Fig. 41 


The Beckmann Rearrangement (p. 979). In 1886, Beckmann ’■* I 
treated benzo])henoiie oxime with phosphorus piuitachloride and aftt'r 
decomposing the reaction mixture with water isolated benzanilide. 
This rearrangement of ketoximes to substituted amides 


R2C=N0II RC— NHR 


is a very general reaction and may be brought about by a variety of re- 
agents, such as phosphorus pontachloride,*- phosiihorus oxychlo- 
ride,’^’ ” acetyl chloride,’^ benzi'iiesulfonyl chloride,’^ acetic anhydrides 
containing hydrochloric acid,''* sulfuric acid,'® and many metalliis 
chlorides.'^ 

Early work showed that the isomeric forms of a ketoxime Icsd to iso- 
meric amides. The reaction became a ri'liabli' method for didermining 
the configuration of ketoximes when Aleisenheimer (see abov(') definitely 
established this structure of /3-benzilmonoxim(' (Fig. 42) and showed 
that it produced the anilide of benzoylformic acid (Fig. 43) in the Beck- 
mann rearrangement. 

CcHb— C C— Cells 

II II -> CelleCOCONIICelle 

NOII 0 

Fig. 42 Fig. 43 

“ Kohler, J. Am. Chem. Soc., 46, 1733 (1924). 

Beckmann, Ber., 19, 988 (1880). 

>5 Beckmann, Ber., 27, 300 (1894). 

X Beckmann, Ber., 20, 2580 (1887). 

Wege, Ber., 24, 3537 (1891) ; Werner and DetHcheff, Ber., 38, 09 (1905). 

>* Beckmann, Ber., 20, 1507 (1887) ; 27, 300 (1894). 

Beckmann and Bark, ./. prakt. Chem., 105, 342 (1923) ; Lehmann, Z. nngru'. Chem. 
36, 360 (1923) ; Lachman, J. Am. Chem. Soc., 46, 1477 (1924) ; 47, 260 (1925). 
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Also, a-benzilmonoxime (Fig. 44) of established configuration gave 
dibenzoylimide (Fig. 45) by rearrangement.' » 

CbUb— C C— Celis 

II II CcirsCONHCOCsHfi 

HON 0 

Fig. 44 Fia. 45 

Meisenheimer pointed out that the oxime hydroxyl group moves 
up to occupy the space on the carbon atom previously filled by the syn 
R group, wh(!reas the anti R group moves to the nitrogim atom. The 
following scheme was used to aid in visualizing the transformations: 



In the earlii'r lilerature there are many mistaken interpretations of 
data obtainc'd by Bi'ckinann rearrangements of ketoximes dui; to an 
old belief that the syn groups (OH and R) merely exchanged their 
positions. At pri'sent the only serious limitation to this method of 
diitormining tlu; configuration of ketoxinu's is that certain aliphatic 
ketoximes give both amides owing to ready interconversion of the two 
forms of the oxime.'® 

Dipole Moynents of Oxime Derivatives. Sutton and Taylor®® meas- 
ured the dipoli! moments (p. 1752) of a number of O- and N-inethyl 
ethers of the oxime, of p-nitrobenzophenone, and were able to correlate 
some of their results with those obtained by the Beckmann n'arrange- 
numt . However, as a method of determining configuration, this physical 
measurement is still unsatisfactory. 

Restricted Rotation. Meisenheimer®' prepared two isomeric oximes 
of l-acet.o-2-hydroxy-3-carboxynaphthalene (Figs. 4G and 47) and 
found that, one form of the oxime (/3) gives salts with coniine, cinchonine, 
and strychnine which exhibit mutarotation in pyridine, indicating that 
the oxime mokicule is asymmetric. The N-methyl ether of the ;3-oximo 

Meisenheimer, Bcr., 64 . 3206 (1921). 

** Sutton and Taylor, J. Clicm. Hoc., 2190 (1931) ; Blatt, Chem. liev., 12 , 215 (1933). 

Sutton and Taylor, J, Chem, Soc,., 2190 (1931). 

Meisenheimer, Theilacker, and Beisswenger, Attn., 496 , 249 (1932). 
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(Fig. 48) was obtained in two optically active forms. The existence 
of optical isomers of this oxime or its ether can be explained on the basis 
of restricted rotation similar to that observed in the ortho substituted 
biphenyls. K(^stiicted rotation would be expected in the oxime in 
which the hydroxyl group is syn to the naphthalene nuchms (Fig. 47). 
The a-oxime could not b(i resolved, and its alkaloid salts showed no 
mutarotation. Its configuration must, therefore!, bo that with the 


CHs OH 



Fig. 46 




Fig. 48 


oxime hydroxyl group anti to the naphthalene nucleus (Fig. 46). Thc! 
products from the Beckmann rearrang(!ment of these two oximes are 
those which would be predicted from tlu! configurations assigned to the 
oximes on the basis of the resolution exfM'i-inKaits. 

Interconversion of syn- and anft-Oximes. Whem an aldehyde or 
unsymmetrical ketone is treated with hydroxy lamine, th(‘ two possible! 
forms of the oxime do not always result. Usually in the aliphatic series 
only one form can be isolati'd. Most of the known i)airs of isomers have 
been obtained from aromatic aldehydes and ketones. Ilantzsch 
studied the configurations of a large number of oximes. He arranged 
thc folle)wing series of R groups on the! basis of the:ir attractieni for the 
hydroxyl group of the oxime. 

CHs > C„H, 2 „+„ > CdlsS, CJIsO > c-CeTUX > ColRCO > 
m- and 7 e-C 6 H 4 X > CsHs > CO.H > t;H=CHC02H > CH .COsH 

Thus, in an oxime prepared fjom a keteine! C(iH.r,C()R the nyn-Ti feinn 
(Fig. 49) is stable if R comes be'feire phemyl, and thc aidi-R form (Fig. 
50) is stable if R follows phenyl in the! above serie>s. 

R— C— CfilR R— C— CeIR 

II li 

HON NOH 

Fig. 49 Fig. 50 

Many reagents convert the labile oxime into the stable form. Bro- 
mine, acids, and bases have been used e.xtensively for this purpose. Heat 


w Ilantzsch, Ber., 26 , 2104 (1892). 
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usually converts the labile isomer to the stable; ultra-violet light often 
converts the stable form to the labile one. 

Other Carbon-Nitrogen Double Bonds. It is cvidcait that any mole- 
cule containing the > C=N — group should be capable of existing 
in ayn-^inti forms. As a matter of fact, isonw'rs have actually been ob- 
tained in a considerable number of cases. For example, Fehrlin ^ and 
Krause ^ obtained two isomeric phenylhydrazones from o-nitrophenyl- 
glyoxylic acid; Overton ® obtained isomeric diphenylhydrazones from 
phenyl p-tolyl kedone; Hoppt'r obtained isomeric monoscmicarbazones 
from benzil; Stieglilz and his students ® obtained isomeric chloro- 
imides of the type shown in Figs. 1 and 2, atid Manchot and Furlong ® 
reported syn and a^iti forms of certain Schiff’s bases. 


NOo 

— OCoTIs 

N— t:i 

Fio. 1 Fig. 2 

This general field has not beem so intcmsively studied as the olefins 
and oximes. 

Nri’uoc.EN-NiTKOciEN DotibtjE Bonds 

A logical extension of thii U'trahedral nitix)gen structure leads to the 
prediction that syii-anii isomers should In; ('ncount('r('d in compounds of 
the tyi)e A — N=N— A or A — N=N— B. Tin; simifiiist (ixample of this 
type of isomerism has been furnished by the isolatum of the ci’s and 
tr'aiis forms of azobenzene. (Figs. 1 and 2). 



NO2 



\ / 
Cl— N 


C— OC2HB 



]<’io. 1 



trana or anti form 


Fig. 2 


1 Fohrlin, lirr., 23, 1574 (ISOO). 

2 Krause, Her., 23, 3(il7 (ISIK);. 

« Ovorlon, Her., 26, ;J2 (189:5). 

^Hopper, J. Chcni. <S'«e., 127, 1282 (1925). 

^SticKlitz and Earle, Am. Chem. J 30, :5n9 (190:5); Sticglitz, ibid., 40, 36 (1908) 
Hilpert, ibitl., 40, 150 (1908) ; Sticglitz anrl Peterson, Her., 43, 782 (1910) ; Peterson, Am 
Chem. J., 46, 325 (1911). 

• Manchot and Furlong, Bcr., 42, 3030 (1909). 
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Azobcnzenc prepared by oxidation of hydrazobenzene or reduction 
of azoxybenzene is always isolated as the trans form, which melts at 68°. 
Recently Hartley ^ succeeded in isolating the cis form of azobenzene. An 
acetic acid solution of ordinary azobenzene was exposed to sunlight for 
some time, water added, and the mixture filtered. Extraction of the 
aqueous filtrate with chloroform gave m-azobenzene, which melted at 
71.4°. The cis form had a dipole momemt of 3.0 Debye units in contrast 
to a zero dipole moment for the trans form.* 

Hartley has also studied tlie equilibrium cis ^ trans in various 
solvents and has found that from 15 to 40 per cent of the cis isomer is 
present in solutions exposed to .sunlight. The conver.sion has an activa- 
tion energy of 23 kcal., and two values are given for the heat of con- 
version, 12 kcal. per g. mole by Hartley, and 9.9 kcal. per g. mole by 
Corruccini and Gilbert.* 

The two forms of azobenzene and other azo compounds have also 
been separated by chroma! ograi)hic adsorjition. Aluminum oxide; was 
used as the adsorbcait and pet,rol(;um (;ther or benzeru' as the solvent.'* 

Freundlich and Heeler ^ found that the cis form was more stiongly 
adsorbed on alumina than the trans form, especially from petroleum 
ether solution. The tra7is form is more strongly adsorbed on charcoal 
from methanol solution. 

von Auwers has substantiated the cis nature of the now foim by 
spectrochemical methods.® 

Euler and Hantzsch * observed th.at troiitment of 7 >-m<;thoxy- 
benzenediazonium chloride; (Fig. 3) with se)dieim cyaniele proeluce'd at 
first a true diazonium cyanide (Fig. 4) which gradually isomerize;d to 



Fin. F ig. 4 


give a mixture of two products which they showed tei be; the syn (Fig. 5) 
and anti (Fig. 6) forms of the corre;.spe)nding diazoe;yanide. 

The diazonium cyanide (Fig. 4) is a colorle.ss salt, seiluble in water, 
and gives a solution which is a good conductor of electricity. The S7jn- 

^ Hartley, Nature, 140, 281 (1937) ; J. Chern. Soc., 033 (1938). 

^ Hartley and Le Fovre, J, Chcjn, Hoc,, 631 (1939). 

* Corruccini and Gilbert, J. Am. Chem. Hoc., 61, 2925 (1939). 

* Cook, J, Chew. Hoc., 876 (1938) ; Cook and Jones, thid., 1309 (1939) ; Zeehmeistor, 
Frehden, and Jorgensen, N atuTwisfscvachaften, 26, 495 (1938). 

® Freundlich and Heller, J. Am. Chem. Hoc., 61, 2228 (1939). 

® von Auwers, Ber., 71, 611 (1938). 

^ Euler and Hantzsch, Bc^., 34, 4106 (1901). 



cis-trans ISOMERISM 


475 


and anfa'-diazocyanidos are colored, insoluble in water, soluble in organic 
solvents, can be hydrolyzed with water to give amides, and react with 



cHso^ 

NC— N 
Fig. 5 


N— CN 


ammonia to give amidines and with alcohols to give imido esters. Many 
such pairs of syn- and onh’-diazocyanides have Ix'en recorded in tlu; 
literature. 

The best (widence that these diazocyanidc's are cia-trans isomers has 
been furnished by showing that the adtlilion of reagents to the nitrogen- 
nitrogen double bond destroys the isomerism. Thus, (nther sijn- or aiiti- 
7 >-e.hlorobonz(me diazocyanide * (Figs. 7 and 8) give the same addition 
product (Fig. 9) with benzenesulfinie acid. 



C6H5SO2H 


N— CN 


Fio. 8 



CN 


Stephenson and Waters ® extend('d the study of diazoeyanides to 
tho.s(^ derived from halogenated aromatic aminos. It was found that 
a7?,h'-diazocyanides were thermally stable, but could be transformed 
photochemically into the reactive syn isomc'vs. 

If silver nitrate is added to an alcoholic solution of a syn-diazocyanide, 
silver cyanide is produced, whereas no reaction with silver nitrate is 
observed with the anti isom(T unless it is converted to the syn form by 
exposure to light. Solutions of sya-diazocyanides in non-ionizing 
solvents isomerize to the anti forms even in the absence of light. These 
facts are expressed in Ihe following eciuilibria: 

ArN Light Ar — N 

II -T^ark-^ II [ArN^N]+CN- 

N— CN < NC— N 


^Ilantzsch and Glogaiior, Bcr., 30, 2548 (1897). 

^ Stephenson and Waters, «/. Chem. Soc., 1796 (1939). 
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If solutions of the s?/n-diazocyanides in non-ionizing solvents such 
as carbon tetrachloride, benzene, and ether are warmed, no nitrogen is 
evolved although a conversion to the more stable anti form is observed. 
Addition of copper powder, however, results in a complete decomposition. 

Measurement of the dipole moments of several pairs of isomeric 
diazocyanides has confirmed the conclusions of Hantzsch that the anti 
forms are the stable isomc^rs.^® The progress of the spontaneous isomer- 
ization of the cis into the trans forms in benzeme solution was followed by 
means of dielectric-constant measurements. The activation energy for 
the conversion of p-bromobenzenediazocyanide was found to be 21.6 
kcal., wliich is nearly the same as that for llie conversion of cis- intq 
ira/is-azobenzene, leading to the .suggestion that both transformation.'^ 
proceed by the same mechaui.sm. 

Hantzsch “ prepared syn- and nni/-diazosulfonates by the action of'^ 
potassium sulfite on diazonium salts. Both syn and anti foims were 
reduced to give the same potassium pheuylhydrazine sulfonate;, CgHa- 
NHNHSO3K. 


rCeHo— NV 

fCoHs— N1 

+ CgIIlN 

CJIsN 

III Cl- - 

III 

803K- -■> II 

+ II 

L nJ 

L nJ 

K(:),SN 

NSOaK 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 


The a(;tion of alkali on diazonium salts eonv(!rts them into syn- and 
anfe'-potas.sium diazotates. In the case of jeolassium 7>nitrophenyl 
diazotate, the two forms are stable (aiough to isolate.^^ The syn isomer 



(Fig. 14) forms first, but gradually changes over to the more stable 
anti isomer (Fig. 15). In the older literature!, the anti diazotate is fre- 
quently called the isodiaze)t,ate. The existence e)f the!.sc isomeirs has also 
been explained on the ba.sis of tautomerisni, but this eixplanation has 

C6H6N=N0H CeHsNY 

\no 

less experimental foundation than the syn and anli type of isejmerism 
which Hantzsch originally suggested. 

Le F^vre and Vine, ibid., 431 (1938). 

Hantzsch, i?cr., 27, 1715, 1720 (1894). 

1^ Schraube and Schmidt, Uer., 27, 514 (1894). 
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Miiller obtained isomeric forms of certain azoxy compounds (e.g., 
tigs. 16 and 17) which are of the w-lmns typo. He has shown that 
these isomers have quite different dipole moments and concludes that 
the trans form (Fig. 17) is the one having the smaller value. 

CHa CHa 




Cyclic Compounds 

Carbocyclic Compounds. Tlu* best ('xperinu'ntal evidence now avail- 
abl(' indicates that tlu* atoms in tlm'c-, four-, and five-membered rings 
lie in one idane and the substituents fall in two planes, one on each side 
of the plane of the ring (Figs. 1-3). In these molecules the cyclic 



a 


Fig. 1 Fig. 2 Fia. 3 

structures restrict the freedoiu of rotation around the single bonds 
betw(^en the atoms in the ring, and when two or more atoms in such a 
ring are unsymiiK^trically substituted, cia-trans isonu'Tism is encountered. 

Six-mernbered rings very probably assume a strainless configuration 
(p. 69) and, therefore, are non-planar; yet, as far as the (experimental 
evidence now goc'S, the occurrence of cis-lram isomerism in these rings 
may be considered along with that in the planar rings. Little is known 
experimentally concerning the possibilities for cis-trans isomerism with 
rings of more than six atoms. It seems very likely that cis’-trans isomer- 
ism will be encounten^d in these mok'cuk's where two or more ring atoms 
are unsymmetrically substitutc'd unless the ring is of such a large size 
that there is no longer any restriction to free rotation around the single 
bonds which hold it together. 

Miiller, Ann., 496 , 132 (1932). 
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Relationship between cis-trans and Optical Isomerism in Cyclic Com~ 
pounds. If should be remembered that cis-trans isomerism in cyclic 
molecules is often closely associated with optical isomerism (p. 315). 
For example, the cyclopropane molecule shown in Fig. 1 is a cis form, and 
it is also a meso form. The corresponding trans form (Fig. 4) is one of a 
racemic pair. The cyclopentane molecule shown in Fig. 3 is likewise a 
cis and meso form, whereas the trans form of this compound (Fig. 5) is 
one of a racemic pair. 



i 


Fig. 4 Fia. 5 


In cyclic molecules there is often cis-trans isomerism without optical 
isomerism. The 1,4-disubstituted cyclohexane's (Figs. G and 7) and the 
1,3-disubstituted cyclobutanes (Figs. 7 and 8) offer illustrations. 
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Fig. 9 


Determination of Configuration. The best method of det,{>rmination 
of the structure of cis-trans isomers in the lyclic scries is to test the re- 
solvability of the molecule. As indicated in the preceding section, many 
cis forms are meso, w'hereas the corresponding trans forms are racc^mic 
and resolvable. This method of structure proof, though limited in its 
appheation, is the most trustwort/hy method where it can be utilized. 

Boesekeri ^ devised a satisfactory method for determining the con- 
figuration of 1,2-dihydroxy compounds. A a,s-l ,2-dihydroxy comi)ound 
adds boric acid to give a cychc complex (Fig. 10) which is a much stronger 

* Boeseken, Rec. trav. chim., 40, 653 (1921) ; Hermans, Proc. Acad Sd. Amsterdam, 
36, 32 (1923). 
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acid than boric acid, whereas a irons- 1,2-di hydroxy compound does not 
form such a complex. 


'CHo CH— 0 . /O— (^H- 

I I I 

CII2 CII— 0/ \0 -C'll 


^CIIo^ 


CHz' 

1 

0112 




H+ 


Fia. 10 


Physical properties, such as melting point, solubility, and conductiv- 
ity of acids, which aid in assigning configurations to cis-trans isomers 
in the olefin seri(>s, an* of little use in the cyclic series b(‘caus(^ thc'i-(' arc 
too many except ions. 

The following table, prepared by R. Kuhn,- shows the pi'opcrties of 
the hexahydrophtlialic acids. 


Hex ahyd n iph thi i lie 
Acid 

M. P. 

iSoluhilily 
in Water 

Ki 

oJ 

[cts 

190^ 

Greater 

4 « X 

n 

[ Irans 

215 

l^ess 

() tj X itr'* 

m- 

[ cis 

102 

Greater 

sox 10-5 

[ irans 

147 

liess 

4.0 X 10 -* 

V 

1 cis 

It >3 

Greater 

3.0 X 10 -^ 

[trans 

>300 

Less 

0 6 X 10“® 


In the cyclic molecules, as in tlu' olefin series, it is to be expected that 
CIS groups will rc'act more n^adily with each other than do irans groups, 
and this aids in the determination of configuration. Thus, in the camphor 
series, camphoric acid (Fig. 11), whicdi is tlK> cis form, readily gives an 
aaihydride, whtai^as isocamphoric acid (Fig. 12) does not give one.' 


II 



C02H\ 

C(CH3)2 
CHs / 



I 

CO^II 
Fig. 11 


CO2H 
CII2— l\ 


II 


(TK 


C(CIl3)2 


CII2 


C 


CO2II 
Fig. 12 


* Kuhn, Helv. Chim. Ada, 11, 71 (1928). 
» Aschan, Ber., 27, 2001 (1894). 
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Yet, trans dibasic acids fnKjuently do give anhydrides, and hence the 
mere fact that a dibasic acid does give an anhydride is not a proof that 
it is a cis form. However, it is usually true that the trans anhydrides are 
less stable than the cAs, and often rearrange to the cis forms. For 
example, the racemic cyclohexane-l,2-dicarboxylic acid which is trans 
(Fig. 13) gives an anhydride (Fig. 14) which, on heating, rearranges 
to the anhydride (Fig. 15) of the cis or mesu dibasic acid (Fig. 16).'* 


Clio CHa 



CHa CH; 

\ H COaH/ 



C C 


COaH H 
Fia. 13 


Clla CHa 


CHa ClI; 






Fig. 15 


Fig. 16 


\ 


Heats of combustion of the anhydrides of cyclohexane-l,2-dicarbox- 
ylic acid indicate; that the trans anhydride is Hu; less stable.® 

The opening of one ring in a bic 3 "clic molecule, as in the hydrolysis 
of czs-eyclopentene oxide (Fig. 17), would be expected to lead to a cis 
form of a monocyclic molecule. How(;ver, tliis docs not follow, for 
Boesekeri ® showed that the above oxide gives a glycol (Fig. 18) which 
must be the trans form since it is rc'solvable. 

Wislicenus ’ devised one ceitaiu method of determining configura- 
tions w’hich is based on the same general priiutiplc as Korner’s method of 
determining orientation in the benzene ring. The two forms of 2,5- 

‘Baeyer, Ann., 268 , 217 (1890). 

® Roth and M tiller, Laiidolt-Bornstein, Springer, Berlin, Fiftli Kd.. Suppl. part 1, p. 875 

* Boeseken, Eec. trav. chim,, 39 , 183 (1920). 

^ Wislicenus, Bar,, 34 , 2505 (1901). 
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H OH 

Fia. 17 Fig. 18 

dimcthyleyclopciiiaiie-l,l-dicarboxylic acid (Tigs. 19 and 20) (!an be dis- 
tinguished by the mimbi'r of isomeric products which are formed by the 
loss of one molecule of carbon dioxide from the dibasic acid. The loss of 
carbon dioxides from th(' cin form (Fig. 19) k'ads to two possible mono- 
basic acids (Figs. 21 and 22), wheri'as the loss of carbon dioxidi^ from the 
trans form (Fig. 20) k'ads to a single monobasic acid (Fig. 23). Wis- 
licenus was able to assign di'finite configurations to the two monobasic 
acids (Figs. 21 and 22) by an ingenious scheme. Mild hydrolysis of the 



Fig. 19 Fig. 20 



1 I ' 

COJI II COjH 

Fig. 21 Fig. 22 Fig. 23 


diethyl ester of the dibasic acid (Fig. 19) gave an acid ester. The ester 
group which would hydrolyze most easily is the unhindered one which is 
below the plane of the ring (Fig. 19). Elimination of carbon dioxide 
from the resultant acid ester followed by \ugorous hydrolysis of the 
remaining ester group gave a single monobasic acid which must have 
the structure shown in Fig. 22. 
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The use of the idea of steric hindrance has also served to distinguish 
between hydromellitic acid (P’ig. 24) and isohydromellitic acid (Fig. 25). 
The latter gives a monomethyl ester when treated with methyl alcoholic 


CO 2 H CO 2 H 

I I 

CO 2 H C C CO 2 H 



C CO 2 H CO 2 H c 



Fio. 24 


CO 2 II CO 2 H 

I I 

CO 2 H C C CO 2 H 



C CO.TI H C 



H \C C/ H 


H CO 2 II 
Fig. 25 


hydrogen chloride, whereas the former remains iinesterified.® Likewise, 
Vavon ^ assigiH'd s1riiciur(\s to certain monosuhstituted C3"cIohexanols 
(Fig. 20) on the l)asis that the cis forms are more difficult to esterify, 
and their esters are more difficult to saponify. 

CJI2— CHs 

/ \ 

CHa CTIOH 

\ / 

CHa— CllR 

Fio. 26 


Inierconversion of Isomers. Intercon version of cis-trans isomers in 
the cyclic seri('s takes place readily only when tlu'n* is a chaiuie for 
tautomerism. Exami)l(‘S are menthone (Fig. 27), thci hexahydro- 
[)hthalic acids, and camphoric acid “ (Fig. 28). The reagents which 


CHs CHz— CO H CHa 


i/ 

\ 


c 

C 

\ 




H CHa— CII 2 CH(CIl3)2 Clla- 


Pig. 27 



COall 
Fig. 28 


® van Loon, Ber., 28 , 1270 (1895). 

* Vavon, Bull. soc. chiin., [4] 39 , OGO (1920) ; 43 , 067 (1928). 
»» Beckmann, Ann., 260, 384 (1889). 

“ Aachan, Ann., 316 , 217 (1901); 387 , 16 (1912). 
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cause the conversion of one form to another are those which also favor 
enolization. 

Heterocyclic Compounds. The introduction of a hetero atom such 
as oxygen, nitrogen, or sulfur in the cyclic systcan does not change the 
real ring structun^, since th(‘S(^ atoms are tetraliedral. The cyclic acetals 
in the sugar series are well-known example's of the liete'rocyclic com- 
pounds with oxygen in the ring. Cormibert and llohinc'.t have recently 
isolated the two forms of a,a'-diphenylt(Hrahydro- 7 -p 3 u*()nc (Tig. 29). 
The chapter on alkaloids (p. HOG) furnishes illustrations of cis-trans 
isomerism involving nitrogen rings. 



Fig. 29 

Some interesting ('xainples of ds-trnns isomerism in rings containing 
sulfur oxidized to the sulfoxide stage have been investigate^d. Bemiu'tt 
and Waddingtoii separateui several iiairs of tlu^ sulfoxid(\s of pen- 
thianols (Fig. 30). Bell and Bennett isolated the cis and tran,f^ forms of 


o CIT2 CH2 OH C1I2 CHo on 



Fio. 30 


the disulfoxide of 1,4-ditliian (Fig. 31). The same authors isola(('.d the 


O Clio CH 2 O CH 2 CII 2 O 



Fig. 31 


Cornubort and Robinot, Bull. soc. chim., [.5] 1, 90 (1934). 
Bennott and Waddington, J. Chrni. Soc., 2832 (1929). 
Bell and Bennett, ibid., 1798 (1927). 

Bell and Bennett, ibid., 15 (1929). 
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various cis-trans isomers of the di- and trisulfoxides from trithian 
(Fig. 32). 
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Condensed Ring Systems, cis-trans Isom('rs exist in certain con- 
densed ring systems, but not in others. If th(' rings an' fused in the 1,2- 
positions, two isoiiK'rs may be obtained when both rings contain six 
atoms, both rings contain five atoms, or oik' ring contains six atoms and 
one contains five; atoms. Hiickel '* isolated the cis (Fig. 33) and irans 
(Fig. 34) forms of decahydronaphthalene. Helft'r obtained two forms 
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Fig. 34 


of decahydroisoquinoline (Fig. 35), and Boesokon and his co-workers’® 
prejiared the cis and irans forms of napht hodioxane (Fig. 36), thus show- 
ing that condensed heterocyclic systems behave like the homocyclic 


Hiickel, Ann., 441 , 1 (1925); 461 , 109 (1926). 
n Heifer, Helv. Chim. Ada, 6 , 795 (1923) ; 9 , 814 (1920). 

Boeseken, Tellegen, and Ilenriquez, Rec. Irav, chim., 60 , 909 (1931). 
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systems, lluckol and Friedricli showcid that lu'xahydrohydiindanoiio 
(Fig. 37) occurs in t,wo forms wliich an; cf.s and irans isomers. 


CIT2 (’II2 

Cdl2 C']I \ 

I 1 CO 


0^2 



(dl., CIT 2 
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C1I2— (dr -CHs 



CH.— (di— cir2 




The exisU^nce of two forms of 3,o,0-])i(*v(‘lo6(‘tane is rvi- 

(loTic(i for the occaim^iice of ds-traris isomcM's in fuse^d five-nu'mlxn’ed rings 
of the 1,2 type. 

Cyclohexeiie oxide (Fig. 39) has l)e(‘n found in only one form, thus 
indicating that a thi'cc-membenxl ring fuscxl to a six-niembered ring in 

CJI 2 

/ \ 

CH 2 (di\^ 
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Cdla Cld 

\ / 

CII 2 

Fig. 39 


the 1,2-position is too higlily strained to exist in a modification. 

For the same reasons, it s(*(mis unlikely that the trans isomers will be 
encountered in any 1,2 condc'nsed ring system which has as one of its 
members a ring of less than five atoms. 

A considerable number of compounds is known in which two six- 
membered rings are fused through the 1,3- and the 1,4-positions. The 

’“HOckel and Friedrich, Ann., 461, 132 (1920). 

““Linstead and Meade, J. Chcjn. Sac., 935 (1934); Barrett and Idnstcad, ibid., 430 
(1936). 

Bartlett, J. Am. Chem. Roc., 67, 224 (1935). 
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trans forms are highly strainc'd configurations, and the experimental evi- 
dence points to the existx'nce of only the cis isomers. Examples of thesti 
types of condensed nuclei are 3,3,1-bicycIononane 40), cam- 

phane (Fig. 41), and 2,2,2-bicyclo<)(;tanc (Fig. 42). 
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The conck'iisc^d ring systi'ins are of eoiisiderable importance in con- 
nection with the chemistry of the alkaloids (p. 1166), terpenes (p. 70), 
sterols (p. 1379), and related (compounds. 


Terphenyl Derivatives 

In 1929 Stank'y and Adams ^ pointed out that terplumyl derivatives 
substituted in the ]3ositions ortho to the pivot l)ond joining the phenyl 
groups and unsymmetrically substituted in the terminal phenyl groups 
could exist in ens* and trans forms. Several derivatives of this type have 
been prepan^d, and most of them are also isomers of the ra,c(anic and 
meso type's as well as of the cis-trans type. Since^ these havei already 
been descrilx'd in the section on optical isonuTism (p. 370), only the 
cis-trans isomers which do not show optical isomerism will be considered 
here. 

If the cemtral benzene ring in the terphenyl derivative is substituti^d 
with four like groups, the? Result ing tc'rphenyls are not asymmetric, but 
cis-trans isomerism is possible (Figs. 1 and 2). 



Moerwein and Srhurinann, Ann., 398, lOG (1913) ; J. prakl. Chcin., 104, IGl (1922). 
23Hiickel, Ann., 466, 123 (1927). 

Alder and c o-workers, Ann., 514, 1 (1934); Kasansky and Plate, Ber., 68, 1259 
(1935). 

^ Stanley and Adams, Rec. trav. chim., 48, 1035 (1929). 
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Shildncck and Adams ^ prepared lh(5 c?.s and trans isomers of 2,5-di- 
(3-bromo-2,4,G-trimethylphenyl)-l,3,4,G-tetrahydroxybonzone (Fig. 3) 
and of some of their tctraacyl derivatives (Fig. 4). 
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Fio. 3 
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These pairs of cornfjounds were remarkably stable to attempts at 
direct conversion of one form to the other. Naturally, the sanu; condi- 
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lions which favor racx'mization of optically Jietive biphenyl and b'rphenyl 
derivatives will favor interconversion of these res and trans forms. There 
is no general method of determining the coJifiguralion of terph(*nyls 
which are not also optically active. When optical activity is pos.sible, 
the determination of r/.s and trans configurations can b(‘ mad(i by relating 
the isomers to nicso and racemic forms. 

This type of cis-lra7hs isomerism which is dcipendcnit on n'strictcxl 
rotation around a single bond has been ju-edicU'd for (luaterphenyls ® 
and will undoubtedly be discovered in other series as well. 
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HISTORICAL 

Frankland/ in 1849 , was first to isolate an organometallic com- 
pound and th(Hi establish its constitution. set out to prejian? the 
free ethyl radical, using zinc to nunove iodine from ethyl iodide, and 
obtained instead diethylzinc. 


2C2II5T 2 Zn — > (C2ll6)2Zn - 4 ” Z11T2 

Then, in a sei-ies of classi(*al investigations with inflammable and 
poisonous compounds, ho extcnided his studies to other metals and soon 
laid the groundwork of much of our })r(\sent knowledges of organometrillic 
chemistry. Although Frankland did not realize his pi-imary obje^ctivc 
of preparing alkyl radicals, it is signifi(‘.ant that his o!*ganomctallic com- 
pounds provided the essential means, long years later, for the prepara- 
tion of free alkyl radicals by pyrolysis. 

(C2ll5)2Zn -> 2C2H5 + Zn 

In free radical chemistTy, organometallic compounds not only are useful 
for the preparation of free organic radicals and thci identification of 
free radi(?als (by combinations with metals to give organometallie*. 
derivatives), but also their use provides a satisfa(*.tory means for estab- 
lishing, uniquely in many cases, the existence of some elements in 
so-call(id abnormally valcnicid statics like tetravalent chromium in R4Cr. 

Frankland, before going dec'ply in his work, said that he ^fl^eciame 
impressed with the fixity in the maximum combining power or capacity 
of saturation in the metallic elements wliich had not before been sus- 
pected.^' The strenuously advocated case by Kekul 6 and others for a 


^Frankland, Ann., 71 , 213 (1849). 
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fixity in valence found support, therefore, in the early work with organo- 
metallic compounds. It is inteivsting to note, then, how the whole 
picture of vakuice, as it concerned organomctallic compounds, changed 
over the years: at first, organonu'tallic chemistry did much to .sustain 
the concept of fixity in vahuice; latei-, it. provided a very useful tool to 
establish the wide variability in valence for certain elements. 


DEFINITION 

Broadly speaking, organomctallic compounds ar(i compounds which 
have a direct union of carbon with a m(4.al. There is no agreement on 
the definition of a nuUal. To sonu', the eUmients are very largt'ly 
metallic and to .such an extent that, of the 92 known elerntaits, 68, or 
74 j)er (^ent of the total, are nu'tals; 11 t)f the remainder oj‘ 12 per cent 
of all th(i {'lenu'nts have some of the proi)ei-tics of imdals (B, C, Si, P, 
As, Sb, Se, Te, Po, I, and Klcment 85); and only 18 elenuaits are non- 
metals (H, N, O, S, F, C8, Br, lie, N(', A, I\r, X(!, Rn).- The organic 
chemist would prefer to delimit th(^ “somewhat metallic” elements to 
exclude at least phosphorus, selenium, and iodine; and h(; would wisely 
(“lect to consider carbon in organic comi)ounds as a non-metal, if only to 
avoid classifying practically all organic compounds as organomctallic 
comjxnmds. 

There are numerous types of organomctallic compounds. Those 
having but one metal may contain one or more R groups and one or 
more X groups, d('pending on th(> valence of tlx; mcital and the stabilities 
of the organfanctallic compounds: C’ 2 Hr,Na, (CH;j) 3 Al, CHaITgCcHs, 
CfillsBeOl, (CcHn) 2 BbBr 2 , CHaSnCb. The R grou]) can be aliphatic, 
alicyclic, or aromatic, and although it may haAa> a wide variedy of sub- 
stituents it obviously cannot contain a substituent which can react with 
the selected organomctallic linkage. h’oi‘ example, no compound 
like H — C — CcH^IMgBr is known because; of the; prompt and vigorous 

II 

O 

reaction of an RMgX (;ompound with an aldehyde. X may be halogen, 
o»- almost any acid radical, hydrogen, hydroxyl, amino, or other group 
d('p{;nding on the organomctallic type*; but the X group cannot be one 
which reacts with the selected oj'ganometallic type, and this would rule 
out the possibility of C 2 Hr,Ca()H inasmuch eis organocalcium com- 
pounds react vigorously with the hydi’oxyl group. The metal might 
be, an int(;gral part of a cyclic structure like pentamethylenemercury, 
(CH 2 ) 5 Hg; or it may be attached to a methylene group in a simple 


Ferneliiis and Roby, J. Chem. Eilucaiion^ 12 , 53 (1935). 
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type like methylene-aluminum iodide, CH2=A1I. Where two or 
more atoms of a metal are present, we may have the same metal as 

CHsCHgCHs 

I 1 I 

in dodecamethylstannopcntane, (CHalsSn— Sn — Sn — Sn — SnfCHala, and 

CHa CHa CH3 

diiodozincmethanc, CH2(ZnI)2; or unlike metals as in 1 -trimcthyl- 
stamiyl - 5 - trimcthylplumbylpentane, (Cll3)3SnCH2(CIl2)3CH2Pb- 
(CH3)3. 

The two main classes of organometallic compounds arc commonly 
known as “simple” and “mixed.” By a simple organometallic com- 
pound is understood one whicih has only R groui)s attached to the 
metal (M) as R4M, wln^roas a mixeni organonu^tallic compound has 
both R and X groups attached to the metal, as R2MX. The simple 
types may be further divided into symmetrical (C2H5HgC2H5) and 
unsymmetrical (C2ll5lIgC4H9) groups. 

Strictly speaking, carbides arc organometallic compounds, and 
although some of them have gcuuTal characteristics that warrant their 
inclusion as organomeitallics it would seem desirable in the space allotted 
to give them no more than cursory consideration. Also, metallic 
cyanides and metallic carbonyls are not to be (!onsid('red here, partly 
because of some; uncertainties concerning the'ir structunis but more 
particularly because they do not appear to have what might be termed 
the essential characteristics of organomc'iallicr compounds. In view of 
such arbitrary limitations it may apiMiar surprising to sugg('st the 
inclusion of compounds that hav(; no carbon and so aTe not organic in 
a strict sense. However, a cas(! of sorts can be made for the metallic 
hydrides. Several homologous series have as tluioretical first members 
a simple inorganic substance 


jlR 

\lhO 

CHa 

fNHa 

CHa 

[Nall 

CHal 

CH4 

CTIaOH 

CllaJ 

CHaNIIa 

CHaNa 


Cllal 

Clla) 

[CaHaOH 

[CaHaNHa 

[CallaNa 


whose general properties warrant consideration with the organic; mem- 
bers of the series. On such a basis, the first member of each scries of 
simple organometallic compounds is a metallic hydride. Actually, 
some metallic hydrides do (;xhibit properties highly reminiscent of the 
organometallic compounds containing that metal.® 

It should be stated at this place that organometallic compounds 


3 Kraus, ibid., 6, 1478 (1929). 



ORGANOMETALLIC COMPOUNDS 


493 


have not been prepared from all metals. There are some who believe 
that certain metals cannot form organometallic compounds. It is 
probable, however, that all metals will form organometallic compounds. 

OCCURRENCE 

The only reported occurreiues in nature of compounds which might 
be considered to be organometallic arc lliosc of moissanite, SiC, and of 
cohcnite (FeCoNil^C. Both com)iounds have be('n found in mc'teorih's. 
Th(i great stability of certain types of organometallic compounds war- 
rants the prediction that others may be found. 

PREPARATION 

Ther(! are many procc^durcs, genc^ral and spcH'ific;, for the preparation 
of organometallic comijounds. Some' of lh('s(i will be consid(;red .subse- 
quently, but at this time it would seem desirable to mention three 
syntheses of wid(; api)lication. 

RX + M KMX or 2RX + 2M R 2 M + MX 2 (1) 

R..M' -h M" R 2 M" -h M' (2) 

RoM' -H M"X3 R 2 M'' -t- M'Xs (3) 

Basically, therefoi-e, organometallic! compounds deriAT from interaction 
of an BX comi)ound with a metal or its alloy or amalgam. This applies 
particularly to thc' pn'paration of organozinc, -magnesium, and -Uthium 
compounds, which are among the most effective! types for the trans- 
formations ilhisti'ated in reactions 2 and 3. The historically important 
organozinc comi)ounds have! been largely superseded for synthetic 
purpose's by the! magnesium and lithium compounds which are less 
inflammaljle, less toxic, and more! conve'iiie'ntly manipulated. Although 
organozinc and -me'j-cury compe)unds still find rise for the synthesis 
of other organome'tallic e!ompounds it is significant that many zinc and 
mercury comjjounels aie bc'st pre'pared fre)m the corresponding organo- 
magnesium and -lithium compemnds. 

In reaction 2, M" is generally of a highe'r potential or above M' 
in the electromotive series; but in reae*tion 3, the reverse relationship 
generally hedds, and M" is below M' in the clectre)motivo series. It 
should be stated, however, that the reactions are not typically electro- 
chemical in kind and that they are often rcvensible. As specific illus- 
trations we have: the Grignard reagent formed in accordance with 
reaction 1 ; organolithium compounds formed from metallic lithium and 
the RMgX compound in accordance with reaction 2; and organo- 
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aluminum compounds formed from aluminum chloride and the Grig 
nard reagent in accordance with reaction 3. In general, a more reactive 
organometallic compound is formed from a less reactive compound 
in reaction 2; and a less reactive organometallic compound is formed 
from a more reactive compound in 3. These generalizations apply to 
all organometallic compounds so that one might expect to use any KM 
compound for the synthesis of all other organometallic compounds. 
Something approaching this has b(!en realized with the Grignard 
reagent, which has been used, at one time or another, for the prepara- 
tion of practically all otlu'r organomet allic compounds, the more reactive 
ones being pn'pared from RMgX and a metal, and the less reactive 
ones from RMgX and a metallic halide. 


PROPERTIES 

The physical, chemical, and physiological properties of the numerous 
different types of organometallic compounds vary greatly. However, 
certain classes of RM compounds can be grouped (^onv('ni('ntly. A 
simple and effective system of classification is by groups in tlu' peiiodic 
table, and the organometallic compounds will be considered here in 
the order of such periodic groups. Fortunately, th('r(' ai'(^ availal)le two 
reactions which can be u.scd further to simj)lify classification into the 
following three divisions on the ba.<is of i’(iative reactiviti(;s: (1) the 
highly Hiactive compounds; (2) the moderately reactive compounds; 
and (3) the relatively unreactive com]iounds. The two n^actions are 
addition to an olefinic linkage and addition to a carbonyl group. The 
highly reactive comj)ounds add to both the olefinic linkage and the 
carbonyl group; the moderately reactivci (ompounds add only to the 
carbonyl group; the relativ(!ly unreactive compounds add neither to the 
olefinic linkage nor to the carbonyl group in reasonable time. 

In order to gain a broad survey of the whole domain of organo- 
metallic compounds there appear to be C(;rtain advantages to a prior 
consideration of a moderately n^active type, for not only do all moder- 
ately reactive compounds show the same general reactions, at. different 
rates, but the highly niactive compounds also .show such reactions in 
addition to the special reaction mentioned with the olefinic linkage. 

A moderately reactive RM type is the Grignard I’eagent. RMgX 
compounds are, at this time, the most important group of organometallic 
compounds, and a general knowledge of their properties should provide 
a useful basis for orienting and correlating the other types. 
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GRIGNARD REAGENTS 

Historical. The first application of magnesium in synthetic organic 
chemistry was made by Barbier,^ who in 1899 obtained dimethylhep- 
tcnol from interaction of a mixture of methylhepterione, methyl iodide, 
and magnesium in ether. 

(cn3)2C=cncii2CH2CCH3 — ”— > (CH3)2C=CHcn2cn2C(Cii3)2 

11 I 

O OMgl 

— (Cll3)2C=CHCH2CTl2C(CH3)2 

I 

on 

Th(in, in 1900, his student, Grignard,® resolved this lyincal synthesis 
into two reactions; first, preparing the TlMgX i^omjjound in ether solu- 
tion; and then tr(',ating the organomagnesium halide with a reactant. 
Grignard jjromptly realized the gtx'at i)o.ssibilities of the reagent which 
lat('r came t,o bear his name, and in a senies of vigoi'ously prosecuted 
studies he laid the foundations for mu(4i of our presemt knowledge of the 
reagent, and its r('actions. For’ his eh'gant woj’k which provided organic 
chemists a most useful tool for synthes('s he was awarded a Nobel prize 
in 1912. 

Long years b('for(' Grignaid mad(i his discov(;ry, Ilallwachs and 
Schafarik® prepart'd an organttmagnesium compound by heating ethyl 
iodide with magnesium. On tht' basis of their examination they con- 
cludt'd that tlu'ir jtroduct contained tract's t)f diethylmagnesium. 
Later, Fleck'^® pur].)osefully st't tnit to prepart' phenylmagnesium bromide 
(by the slow atldilittii t»f brttmine to dipht'nylmagnesium in anhydrous 
etlua-) in accordance with tlu; following i-eaction writttm by him. 


(Ccn6)2lMg + Br2 -> CelLMgBr -b CclLBr 

However, becaust; ht' obtained only bromtibenzene and magnesium 
bromide he pictured tin; course of reaction as follows: 

(CcH6)2Mg + 2Br2 2C6ll6Br + MgBra 

and t;oncludt'd that a stable compound cttrrt'sjjonding with the formula 
GoHsMgBr was not fornu'd. Subsequently, it was shown by others^* 

* Biirbier, Coinpi. rend., 128 , 110 (ItSOD). 

® Grignard, ibid., 130 , 1322 (1900). 

® Hallwachs and Suhafarik, Ann., 109 , 206 (1S59). 

^ (a) Fleck, Ann., 276 , 129 (1893). {,h) Gilman and Brown, J. Am. Chem. Soc., 52 

1181 (1930). 
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that phonylmagnesium bromide was initially formed and that the 
unfortunate addition of bromine in excess destroyed the first organo- 
magnesium halide i)roparcd in ether. 

Preparation. The Grignard reagent is readily and conveniently 
prepared in dry ether. Some RX compounds r(;act slowly, but by 
appropriate catalytic devices it is possible to initiate and accelerate 
the reaction. The yields are highly satisfactory, and the more fre- 
quently used Grignard reagents are obtainable in about 90-95 per cent 
yield. The cojnmonly used solvent, di(>thyl ether, may be replaced 
by other ethers or tertiary amines. The preparation can also be effected 
without a solvent. Fortunab'ly, it is not nect'ssary to isolate the 
reagent, and the manipulation is simplified by preparing the solution 
in a suitable container and then adding the reactant, a procedure which 
reminds one of diazonium rc'actions. 

Occasionally the reagent is pr(!par('d indirectly by interaction of a 
Grignard reagent with an active or acidic hydi'ogcn attached to carbon. 


Cr.ni,C=CH + CzHsMgBr CelbC^CMgEr + C2II8 


Analysis. A sensitive, qualitative color t(‘st,*“ for the Grignard 
reagent and other moderat<'ly ix'aetive as well as for the highly reactive 
organometallic compounds is n'adily carried out by means of Michler’s 
ketone (p,p'-letraim(!thyldiaminobenzo}>hcnone). Oiui-half to one cubic 
centimeter of the organonu'tallic solution is added to an c‘(iual volume 
of a 1 per cent solution of Michler’s ketone in diy benzene; the reaction 
product is then hydrolyzed by the slow addition of 1 cc. of water; and, 
finally, the addition of several dro[)s of a 0.2 per crait solution of iodine in 
glacial acetic acid develops a charackiristic greenish-blue color. With 
phenylmagnesium bromide, as an illustration, the product is malachite 
green. 


b-(CH3)2NC6fb]2C=0 + CfilTsMgBr -> [p-(CH3)2NC6H4]2CCcH5 


on 



With radicals other than phenyl attached to the metal, the color is due 
to a related di- or triphenylmcthane dye. 

®(a) Gilman and Schulze, Am. Chem. Soc., 47 , 2002 (1925). (h) Gilman and Swiss 
ibid.f 62 , 1847 (1940). (c) Gilman and Yablunky, ibid., 63 , 839 (1941). 
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Inasmuch as the color tost is directly associated with a compound 
having a carbon-metal linkage and not wdth (iompounds having a metal 
attached to an element other than carbon, the test is useful for de- 
termining when a reaction is complete, for if the organomctallic com- 
pound be not used in excess the product in the reaction mixture will not 
have a carbon-metal linkage and hence will not give a color test. Some 
acid chlorides and pyrrole interfere with the Michler’s ketone test or 
color test I. There are two other color tests. One of these,®'’ color test 
II (p. 525), differentiates between Grignard reagents and organolithium 
compounds; the other,*' color t(!st III (p. 504), is given by reactive 
aryZmetallic compounds, but not by alkylinctallic compounds. 

A simple procedure for the quant italive estimation of reactive and 
moderately reactive organornetallic coinpoimds is t o hydrolyze an aliquot 
and titrate the basic compound formed with a standard acid.®" 

llMgX + ITiiO RII -t- Mg(OII)X 
Mg(On)X -f IIX MgX2 -h HaO 

Physical Properties. The RMgX compounds are colorless solids 
which do not nu'lt but d('coinpos(' at (devatc'd temperatures, first under- 
going, in all probability, the following transformation, which may be 
general for all mixed organornetallic compounds; 

2CHaMgCl (CH;02:Mg + MgCb 

It is possible to (ither-distil alk^'lmagnesium halides, but inasmuch as 
the the MgXo compounds can also be ether-distilled sep- 

arately there is no definiU', evidence! that the RMgX found in the dis- 
tillate comes over as such.®'’ 

The dialkylmagnesium compounds are colorU!ss crystals which can 
be sublimed under greatly re'duced jiressures, dimethylmagnesium being 
most volatile. Under such (!onditions it is possible to obtain pure 
dimethylmagnesium from methylmagncisium chloride.®' The thermal 
decomposition of meithylmagne'sium iodide '®“ 0 (!curs at 240°. 

Chemical Properties. Inasmuch as the following equilibrium is 
characteristic of Grignard rciagtaits, it is clear that such reagents are 
really mixtures and that Grignard reactions are reactions of RMgX, 
R 2 Mg, and MgX 2 compounds. 

2RMgX ^ RoMg + MgXa 

® (a) Gilman, Wilkinson, Fishd, and Moyers, iliid., 46, 150 (1923) ; Houben, Boedler, 
and Fischer, lirr., 69 , 1706 (1930). (5) Gilman and Brown, J. Am. Chem. Soc., 62 , 4480 

(1930). (c) Gilman and Brown, Rtc. trav. chim., 48, 1133 (1929). 

(a) Jolibois, Cmnpt. raid., 166 , 712 (1913). (5) Coleman, Gilman, Adams, and Pratt; 
J. Org. Chem., 3 , 99 (1938). 
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However, RMgX and R 2 Mg compounds show the same reactions, almost 
without exception, and differ essentially only in rates of reaction. 

The Grignard reage^nts almost invariably react as R and MgX units. 
In addition reactions to an unsaturated linkage, the R attaches itself to 
the relatively less acidic clement and the MgX to the relatively more 
acidic element. 

' C=0 ^ 

li-l s=0 [^MgX 

N=0 

C=N 

Wh(m the unsaturated linkage is made iij) of the same elements there 
are only two important types to consider. One of these is the olefinic 
or acetylenic linkage to whi(4i Grignard reagents do not add, or do not 
add at an appreciable rate. The other is the azo linkage, and here two 
MgX groups add, the R groups then undergoing coupling to R — R 
compounds and disproportionation to R(+H) and R( — II) compounds 
(see p. 511 for a diflerent course of reaction between azobenzene and 
more reactive RM compounds). 

CgH 5N-=NC6II6 + 2RMgX CgHgN NCells + 211— 


MgX MgX 

With compounds like isocyanides, the Grignard n^agcait adds to some 
extent to the terminal unsaturated carbon. 

. 11 ' 

RN=C + R'MgX RX=C< 

^MgX 

A related reaction occurs with some aliphatic diazo compounds.^®*' 

.R' 

R 2 CN 2 + R'MgX -> R,C=X— X< 

^MgX 

In reactions not involving addition to unsaturatc'd linkages the same 
generalizations hold. That is, the R at ladies itself to the nilatively 
less acidic element and the MgX to the n*latively more acidic element. 

C 6 II 5 OC 2 H 5 + RMgX CellsOMgX + RC 2 H 5 


That portion of the R groups which do(\s not combine with an element 
in such cleavage and related reactions cou])les or disproportionabvs. 

Cleavage by Ifydrogen, Active Hydrogen Compounds j and Halogens, 
Grignard reagents can be cleaved by hydrogen under standard hydro- 
genation procedures. 


2RMgX + 2 H 2 2RH + MgH2 MgX2 


* See, Schonherg, Ann., 464, 37 (1927) for the formation of cyclic sulfides from thioke- 
tones and the Grignard reagent. Also, see p. 605 of this chapter for the reaction with 
^thiocyanates and with carbon disulfide. 
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This reaction is shown by other organomctallic compounds and pro- 
c('eds most readily with the most reactive RM types.^^“ Actually, 
phenylpotassium, for example, undergoes reaction by merely bubbling 
hydrogen into a petroleum other suspension at room temperature, 
atmospheric pressure, and without a catalyst.'^'' 

CcHbK + II2 CoHe + KH 

Compounds which contain hydrogen aUached to any clement but 
carbon (and in some special cases when attached to (rarbon) cleave 
Grignai'd reagemts in such a manner that the R group of RMgX com- 
bines with the active hydrogen. 

CelbMgBr -h CzHbOH -> Cello + C2nBOMgBr 

The noteworthy types which contain an active hydi'ogcn attached 
to cai-bon ai’t' the true acetylenes (having the — C=C1I linkage), and 
the indene and fluorene type's which have hydrogeni attached to a 
carbon (indie^ated by an aste'iisk) holding two sti-ongly negative groups. 



H 

Di})henylmcthan(', having a carbon attached to two phenyl groups 
which are not bridged, has no active hydrogen as far as the Grignard 
reagent is conceriK'd, but the; hydrogens attached to the lateral carbon 
in dij)henylm('thane an* acidic^ to other, more re^active organometallic 
compounds. The late'ral hydrogen in triphenylmethaue appears to be 
very weakly acidic, as judged by its slow reiilacement by — MgX when 
treat (>d with a Gi ignard n'agent. 

The vigoroxis d(*struction of Grignard reagents by active hydrogen 
attached to ek'mc'nts other than carbon ('mphasizes the necessity of 
excluding moisture from reagents and apparatus. The cleavage of 
RMgX compounds by active hydrogens can, however, be a most useful 
analytical reaction for two purposes. First, the concentration of low- 

(a) Zartnian and Adkins, J. Am. Chem. Soc., 64 , (1932) ; Burdick and Adkins 

ibid., 66 , 438 (1934). (h) Gilman, Jacoby, and Ludemaii, ibid., 60 , 2336 (1938). 
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molecular-weight Grignard solutions can be determined with precision 
by adding an excess of w'ater and measuring the volume of gas evolved. 
Also, of course, the acid-titration method of quantitative analysis of 
RMgX compounds depends on prior cleavage or hydrolysis. Second, 
the presence of active hydrogen and the number of active hydrogens in a 
molecule is readily determined by the widely used Tschugaeff-Zerewitin- 
off analysis which consists essentially in adding an cxcc.ss of methyl- 
magnesium iodide to a sample of the compound to be analyzed and 
measuring the volume of methane evolved. 

CII.,MgI + R 2 NII CII 4 -1- RaNMgl 


Halogens cleave RMgX compounds as follows: 

2RMgX -I- 2 T 2 2RI -h 2MgXI 


The 2MgXI probably disproportionates to MgX 2 -f- Mgl 2 . The 
reaction with iodine, in particular, goes quite .smoothly, and has been 
recommended for the quantitative analy.sis of Grignard reagents. 
However, it is less accurate and not so widely applicable as the acid- 
titration method of analysis.^® As might have been expected, cyanogcui 
and the halogen-cyanogc'us ])chavo in a similar maniuir, but the un- 
symmetrical halogen-cyanogens can cleave RMgX compounds in two 
ways. 

RMgX + NC— CX RCN -+- MgX(CN) 


RMgX -b Cl— CN 


RCN + MgXCI 
RCl + MgX(CN) 


Addition to Unsaturated Linkages (p. G46). The most widely used 
synthetic reaction of Grignard reagents involv(‘s 1,2-addition to an 
unsymmctrical double or triph; bond. With a simple carbonyl group, 
alcohols arc formed: formaldehyde gives a primary alcohol; other alde- 
hydes a secondary alcohol; and ketones a tertiary alcohol. 

R2C=0 + R'MgX R2R'C01I 

The color test I with Michlcr’s ketone depends on the intermediate 
formation of a tertiary alcohol. 

Esters (other than those of formic acid, which yield secondary 
alcohols) also give tertiary alcohols, but sometimes it is possible to 
arrest the reaction partly at the ketone stag(i. 

Zerewitinoff, Ber., 40 , 2023 (1907). See, also, TsehiiBaeff, Ber., 36 , 3912 (1902); 
Hibbert and Sudboroiigh, J. C7tem. iSoc., 85, 933 (1904); and, particularly, Kohler, Stone, 
and Fuson, J. Am, Chew. Soc., 49 , 31S1 (1927). 

“ Job and Reich, Bull, soc. chirn., 33 , 1414 (1923) ; Gilman and Meyers, Rex. trav. chini., 
45 , 314 (1926). 
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In general, acids and their common derivatives like acid anhydrides, 
salts, acid amides, and acid halides give ketones and tertiary ahiohols. 
The reaction with acid halides is of more than ordinary interest bei^ause 
of its blearing on the mechanism of reaction of Grignard reagents with 
acid derivativ(!s and because acid chlorides react with a large variety of 
organometallic types. 

In ketone formation from acid chlorides either direct ri'placement of 
chlorine by R or prior addition to the carbonyl linkage is possible. 


^CgTIsCOR + MgXCl 

CcIlsCOCl + RMgx/ R 

\ I 

^CGlRCOMgX CgHbOOR + MgXCl 
Cl 


Although there is no definite answi^r to the question at present, it 
appears on the basis of studies by Entemann and Johnson that 
I'caction takes place first by addition to flu; carbonyl group. These 
authors carried out a series of competitive reactions in which one 
.'quivalent of phenylmagnesium bromide was added to a solution con- 
taining one ecjuivalent of I'ach of two reactants. An examination of the 
products revealed the ('.xtiait of each I’eaction. For examph', from a 
ri'action between plKaiylmagnesium bromide and a mixture, of bi'iizo- 
phenoiK; and benzoniliik^ there was recovercid 98 per cent of benzo- 
nitrile and no benzophenonii. Acaxirdingly, the carbonyl group in 
benzophi'iione is much more rciactive than the nitrile group in benzo- 
nitrile. On this basis the relative reactivities of some functional 
groups are: 

-Clio > — COCHa > — XCO > -COF > — COCcTIb, 

— COCl, — COBr > - -COnC.IlB > — C^N 

If the reaction bet ween acid halides and the Grignard reagemt pro- 
cec'ded by direct replacement, one would expect the acid tluoridcc to be 
the least reactive of the three; acid halides, for studies of other halides 
show rather consist(;ntly that the oi'dc'r of decreasing reactivity of halo- 
gens in carbon-halogen linkages is: C-Br, C-Gl, C-F. Howc'ver, because 
the; acid fluoride was actually found to be the most reactive acid halide 
it appears reasoiiable to (;onclude that the mechanism does not involve 
a metathetical reaction, but addition to the carbonyl group. 

Prior addition to the carbonyl hnkage of acid halides may not be 
true of all RM compounds. For e.xamplc, some of the unreactive 

Entemann and Johnson, J, Am, Chem, Soc,^ 55, 2900 (1933). 
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organomctallic compounds will react readily with acid chlorides to 
give ketones, but react extremely slowly or not at all with an aldehyde 
lik(! benzaldehyde. In any event there ai)pears to be another series of 
lelative reactivities of a(;id halides with the l(!ss reactive RM compounds. 
This finds support in the reaction between benzoyl halides and di-p- 
tol 3 dmcrcury. 

CsIIbCOX + (p-Cll3C6H4)2ng C 6 H 5 COC 6 H 4 CH 3 -P + p-CIl3C6ll4lIgX 

Under comparable (iondilions, the yi(“ld of phenyl p-tolyl ketone pro- 
gressively decrea.ses in tlu; order: — COI, — COBr, — COCl, — COF. 
Likewise, the yield of benzophenone from ])henylzinc chloride and those 
of the benzoyl halides (examined decrea.ses in tin; ordc'r: — C-Ol, — COBr, 
— COCl. Even with a mod(:rately reactive type lik(^ organoaluminum 
compounds, benzoyl iodide is slightly more reactive than benzoyl 
chloride. 

This does not necessarily exclude the possibility of ])rior addition 
to the carbonyl group, in acid halides, which may have been activated by 
halogen. The highly reactive carbonyl group in kc'tenc adds i>henyl- 
mercuric bromide to give acxdojdienone (p. 550). Finally, even 
though addition do<w not occur at the carbonyl group, the initial coordi- 
nation complex may involve the carbonyl grouj). 

An unusually comprehensive seiies of studies has be('n (larricd out by 
Whitmore and co-workers on the types of reaction, particularly 
reduction, between branclw'd-ehain acid halides and branchc^d-chain 
Grignard r(uig('nts. The following reactions ai'c illust i’ative of the effects 
of pronounced branching. 

(CH3)3CC0C1 + (CHiOaCMgCl > (CH3)3CCnO + cai8+ MgCU 

non 

(CH3)3CCII0 + (CIIalsCMgCl > (CTDaCClLOH + C 4 II 8 

The mechanism of redaction bt'twec'ii (‘steis and RMgX compounds 
to give tertiary alcohols is also not clear. Grignard inteipnded 
the reaction as involving thi-ec stages, the first being addition to the 
carbonyl group. 

RCOOC 2 HB + R'MgX RCR'(OMgX)OC2H5 (4) 

RCR'(OMgX)OC2ll5 + R'MgX -> RCR'aOMgX + C2H50MgX (5) 

RCR'zOMgX + HOH RCR'20H + MgX(OH) (0) 

Gilman, Woolley, and Wright, ibid., 65, 2609 (1933) ; Chute, Orchard, and Wright, 
J. Org. Chem., 6 , 157 (1941). 

(a) Whitmore and co-workers, J. Am. Chem. Hoc., 63 , 643 (1941). {h) Grignard 
Compt. rend., 132 , 336 (1901) ; Ann. chim. phys., 24 , 433 (1901). 
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An alternative mechanism involves the intermediate formation of a 
ketone which th(in reacts wth the RMgX compound to give the tertiary 
alcohol. 

RCOOCsUb + R'MgX RCOR' + CaHsOMgX (7) 

Ketones have betm isolated from such reactions, and Boyd and Hatt^^ 
carried out experiments to establish the transitory existence of ketones. 
These authors showed that, when esters aie treated with Grignard 
reagents in the presence of an excc'ss of magnesimn, pinacols are among 
the reaction products. The pinacols are known to form in ether solu- 
tion by interaction of a ketoiu! and the binary syst(!ra (MgX 2 + Mg).^® 
The n(!cessary MgX 2 is present in all Grignard preparations and is also 
available from the following equilibrium which appears to hold for 
compounds having — MgX attached not only to carbon but also to 
other elements like nitrogen, oxygen, and sulfur. 

2ROMkX (RO)2Mg + MgXi 

The formation of pinacol by the following s('ciuencc of reactions may 
th(‘n be interpret'd as offering sui)port for the exi.stenco of a kc'-tone as 
an intermediate. 

Mg + MgXo 2— MgX R2C=0 + —MgX R^COMgX 

R 2 COMgX IbiCOMgX R 2 COH ' 

' ' - i ' 

I ^ ' 

RaCOMgX R 2 COMgX R 2 COH 

If it be granted that ketones are formed as int.ermediates, there 
remains the question wlu'ther tlu'y aix; formed from the est'r by prior 
addition to the carbonyl linkage in accordance with reaction 4 of Gi’ig- 
nard, followed by elimination of CoHsOlVTgX; or by the direct replace- 
ment of the ethoxy (or RO — ) group by R' of the R'MgX compound 
(reaction 7). Boyd and Hatt suggr'st the initial formation of a mag- 
n(^sium compkix, the kctonc! being formed by the ready loss of ethoxy- 
magnc.sinm halide. 

On other gi’ounds, Morton and Peakes'® prefer the mechanism of 
Grignard because if ketones ai(' intermediates one might expect to get 
better yields of tertiary alcohol from the ketone than from the ester, 
but such an expectation was not rcalizi'd from their experiments, 

^ Boyd and HaU,, J. Chem. .Soc., 898 (1927). 

'* Gomberg and Baohniann, ./. Am. Chetn. Soc., 49 , 236 (1927). 

Morton and Peakes, ibid., 66, 2110 (1933). 



504 


ORGANIC CHEMISTRY 


They obtained a distinctly better yield of 2,4,6-tribromotriphcnyl 

2.4.6- C6H2Br3COOCH3l 

o . r n TT n TT + CelWgBr ^ (2,4,C-C6n2Br3)(C6H5)2COH 

2.4.6- C6H2Br3COC6H5 J 

carbinol from methyl 2,4,6-tribromobcnzoate than from 2,4,6-tribromo- 
bcnzophenone. 

Whatever the mechanism of reaction, there is preliminary addition 
of some kind (possibly to give oxonium compounds), for in some cases 
the initial complex formed from ester and Grignard reagent njgenerates 
the ester on treatment with water (p. 556). 

The series of relative reactivities of some typical functional groups 
is very useful. First, it suggests possible combinations of functional 
groups in a polyfunctional type wherein prefenmtial rea(!tions with one 
group or another might be realized; and, seciond, the seru>s is broadly 
applicable to other moderately reactive organometallic types which have 
been investigated. 

Cyanides give ketimincs fj-om which ketones are formed in the 
customary hydrolysis which concludes a Grignard reaction. 

/-»RR'C=NH 

RCN + R'MgX RR'C=NMgX— < 

\->RR'C=0 + NHs + Mg(On)X 

Azomethylene compounds like benzalaniline give secondary amines. 

RMfiX HOH 

C6ll5CII=NC,Jl8 Cells— CH—NCcHs ^ CoHsCHNCeHs 

II II 

R MgX R II 

Reaction with the nitrosyl group attached to carbon as in nitroso- 
benzene is somewhat cf)mplex, but it appears that the chief course of 
reaction with phenylmagne.sium bromide is the following: 

2CGH6MgBr 

CeHsN^O + CeHsMgBr -> (CellslzNOMgBr ^ 

(CellslaNMgBr + CgHs— CeHs + (MgBr)20 

the bromomagnesium diphcnylamine giving diphenylamine on hydrolysis. 

With a nitro compound like nitrobenzene, the complex reaction 
appears to proceed largely as follows : 

CeHsNOa + 4CoIIsMgBr (CellslaNH + CeHs-CeHs + CeHsOH 

It is to be noted here that part of the phenylmagne.sium bromide is 
oxidized to phenol, and the chemilumincs(!cncc which accompanies 
this reaction is undoubtedly due to such oxidation. The formation of 

(a) Gilman and McCracken, ibid,^ 61 , 821 (1929). (h) Gilman, Kirby, and Kinney 
ibid., 61 , 2252 (1929). 
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diphenylamine and biphenyl in both the nitrosobenzene and nitrobenzene 
reactions suggests that nitrosobenzene is an intermediate in the nitro- 
benzene reaction. 

C 6 H 6 NO 2 + CellBMgBr CoIIbNO + CoHsOMgBr 

When alkyhnagnesium halides are used, tetrasubstituted hydrazines 
are among the reaction products: for example, ethylmagnesium 
bromide and nitrob(nzonc give l,2-diphenyl-l,2-diethylhydrazine, 
(C6H5)(C2H5)NN(C2H5)(C6H5). 

Compounds having two unsaturated linkages may be classified as 
(1) terminal or non-terminal cumulated unsaturated systems; (2) con- 
jugated systems; and (3) systems having the unsaturated linkages 
separated by one or more carbon atoms. Systems having terminal 
cumulated unsaturation comprise types like keUaies (R 2 C=C= 0 ), iso- 
cyanates (RN=C=0), isothiocyanates (RN=C=S), and thionylamines 
(RN=S— O). In such systems, addition takes place predominantly, 
if not exclusively, under moderaUi conditions, to the terminal un- 
saturated linkage^-®'’ 

CoH 6N=C==0 + RMgX CgII 6N=C— OMgBr > 

R 

ilearr. 

C6IIbN=C— OH > Ccn5NHC=0 

1 I 

R R 


The reaction wath isocyanates proee('ds smoothly, and phenyl and a- 
naphthyl isoeyanat(« are among th(! reagents used to characterize 
RMgX eomi)ounds.-’ 

Non-terminal cumulated unsaturated systems, like RN— C=NR, 
g('neral]y give the reactions one would expt'ct of th(' isolated simple 
unsaturab^d linkages. The very simple cumulated unsaturated linkages 
in compounds like carbon dio.xide, carbon disulfide, and sulfur dioxide 
usually add but one mok^cule of Grignard reagent. 

noil 

RMgX + C=0 RC— OMgX RC— OH 

II II ' II 

0 0 o 

RMgX -h C=S -> RC— SH 

II II 


S B 


RMgX + S=0 
i 

O 


RS— OH 

i 

O 


Schwartz and Johnson, ihid.^ 63 , 1063 (1931) ; Gilman and Furry, ibid, 60 , 1214 
(1928). 
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The carbon dioxide reaction or carbonation has been widely used both 
for the preparation of carboxylic acids and for the characterization 
of many organomctallic (!omiK)unds. In order to reduce secondary 
reactions leading to the formation of ketones and tertiary alcohols it is 
desirable to cool th(5 mixture or to have the carbon dioxide in excess 
by spraying the Grignard reagent into an atmosi)herc of carbon dioxide. 
A simple procedure that provides cooling and an exc(^ss of carbon dioxide 
is to pour the Grignard reagent upon solid carbon dioxide. 

Conjugated systems can undc'rgo 1,2- or 1,4-additioii, depcuiding on 
the particular system and the Grignard reagent. The factors affecting 
1,2- and 1,4-additions to conjugated sysbmis are considered on p. 673. 
Grignard reagents have th(^ unusual property of unlocking a conjugated 
system which is in part lateral and in part nuclear. With benzo- 
phenone-anil, for example, addition do(\s not take place; at the lateral 
C=N — group; instead 1,4-addition occurs as follows: 2 ®'’ 


MgBr 



and o-phenylbenzohydrylaniline results. It is possible that steric 
factors are i)artly responsible for the 1,4-addition, inasmuch as it was 
previously shown that benzalaniline, C 6 H 5 CH=NC(iH 5 , underwent 
lateral 1,2-addition to the >C=N — linkage. The p(;culiar addition of 
RMgX compound to a lateral-nuclear system is shown by some other 
compounds having such a system: for example, the addition of phenyl- 
magnesium bromide to a highly phenylatcd unsaturated ketone,^* 

Kohler and Nygaard, ihid., 52 , 4128 (1930). 
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(C6H6)i,C==C— C-<^ j + CeHsMgBr 
CeHt 0 


H H 



/ 

(C6Hb)2C=C C=C 

1 I \ 


CgIIb on c 

I^H 


\ 

C-H 


\h 


CoHb 


and to bcnzalquinaldinc whicih has a laU'ral cthylenic linkage and a 
nuch'ar N=C linkage.-^ 



, CJUMuBr 

Isj^^^CII-^CIlCJU — > 



N^^CIhCHCCsIIelj 


With systfmis having two nns;itnrat.ed linkages separalc'd by one or 
more carbon atoms, the normal 1,2-additions take plac(' as in simple 
systems, and if there be an elhylenic or acetylenic linkage in such 
systems there is no 1 ,2-ad<li(.ion to these })articular linkages. 1,6- 
Addition is uncommon (p. 690). 

Reaction, with Oxyrjcn and Sulfur. The reaction with oxygen and 
sulfur may be considtTcd as addition of the Giignard reagent to these 
elements. 

RMgX + O 2 ROMgX — -> IlOH 

H(.)ir 

IIM-X + S liSIVIsX > KSII 

It is interesting; that, whereas oxidation of alkyl magnesium halides 
givers high yields of alcohols, the oxidation of arylmagnesium halides 
gives low yields of phenols. The unsatisfactory yields of phenols are 
undoubtedly associated with a secondary reaction of the Grignard 
reagent with ether peroxides formed from oxygen and diethyl ether.^^® 
There is no satisfactory explanation for tlui vsignificant differences 
between the alkyl and aryl Grignard reagents on oxidation. 

Inasmuch as the oxidation proceeds quite rapidly it is essential 
to exclude air in Grignard redactions which proceed slowly This is 
done conveniently by operating in an inert atmosphere like nitrogen. 

Hoffman, Farlow, and Fuson, ibuLt 55, 2000 (1933). (Sec, also, Allen and Over- 
baugh, ibid., 57, 1322 (1935), and Charricr and Ghigi, Bcr,, 69, 2211 (193G). 

((/) Wuyts, Compl. 148, 930 (1909); Porter and Stool, J, Am. Chem. Boc.f 42, 

2650 (1920) ; Gilman and Wood, ibid., 48, 806 (1926) ; Muller and TopeL Bcr., 72, 273 
(1939). (5) Goebel and Marvel, J. Am. Chem. Soc., 55, 1693 (1933). 
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Oxidation of RMgX compounds by oxygen, peroxides, or many 
nitro compounds is accompanied by luminescence. In general, the 
chemiluminescence is greatest with arylmagnesium haUdes, and par- 
ticularly with p-chlorophenylmagnesium bromide. 

It is probable that the Grignard reagent is peroxidized initially. 
With sulfur there arc formed not only mercaptans or thiophenols, in 
good yields, but also sulfides and polysulfides. Selenium and tellurium 
behave, in general, like sulfur. 

Reaction with Inorganic Esters. With the exception of alkyl esters 
of sulfonic acids, esters of oxygen acids rca(!t essentially by replacing 
an — OR group of the ester by the R group of the Grignard reagent. 

B(0R)3 + R'MgX R'B(0R)2, R'2B(0R), R'sB + ROMgX 

The reaction between alkyl halides and the Grignard reagent has 
been studied widely. The following replacement or coupling reaction 

RX + R'MgX R— R' + MgX2 

is confined largely to those alkyl halides having a highly reactive halogen. 
With allyl halide types the reaef ion is useful for the preparation of some 
unsaturated compounds. 

RMgX + BrCIl2CH=CH2 RCH2CII=CH2 
RMgX -I- BrCIT2CBr=CH2 RCH2CBr=CH2 

In the preparation of allylmagnesium bromidt; it is obviously necessary 
to avoid a local exc(iss of allyl bromide, for oth(!rwisc the initially 
formed allylmagnesium bromide* w'ould react to give diallyl. 

CH2=CHCH2MgBr + BrCH2CH=Cn2 -> CIl2=CHCH2CH2CH=CH2 

The slow addition of a dilute solution of allyl bromide to a large excess 
of fine magnesium makes it possible to prepare allylmagnesium bromide 
in 95 per cent yields. The fact that such sj^ecial precautions to avoid an 
excess of RX compound are generally unnecessary in the preparation 
of RMgX compounds indicates that the coupling reaction is highly 
subordinated under moderate conditions. With organometallic com- 
pounds more reactive than Grignard reagents the coupling reaction may 
become the chief reaction, and this accounts for the Wurtz-Fittig reaction 
when RX compounds are treated with sodium or potassium. In such 
cases, as will be mentioned later in the organoalkali section, the ex- 
tremely reactive organoalkali compounds couple readily with RX 
compounds having only a moderately reactive halogen. 

The coupling reaction is not a simple union of the R of the alkyl 
halide with the R' of the Grignard reagent. Actually, three coupling 
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products are formed (R — R', R — R, and R' — R'), for example, in the 
reaction between benzyl halides and methylmagnesium iodide.^® 

CeHsCHaX + CHgMgl C6H6CH2CH3:+ MglX 

2C6HbCH 2X + 2CH3MgI CH3CH3 + C6HBCH2CH2CGH5 + 2MgIX 

The isolation of three coupling products suggests that free radicals, 
benzyl and methyl, are formed initially and then couple in the three 
possible combinations. However, the coiKiept of free radicals to account 
for coupling to R — R' compound appears unnecessary. What may 
happen is the; formation of a coordination compound which is the first 
stage of all Grignard reactions (p. 556). 


R 0(C2H5)2 


Mg 

71 

R'— X"^ ''X 


Then the mobile electron shell surrounding the magnesium would pro- 
vide for a sufficient appi-oach of tiu; R and R' ions to make unntices- 
sary the postulate of intermediate free radicjals or fi-e('. ions^’ (p. 1863). 

The redaction belwetai alkyl sulfonab's and th(! Giignard reagent is 
unusual in several I’espects. The overall rtiac^tion between dimethyl 
sulfate and aryl Grignaid reag(‘nts 

2 ( 0113)3804 + RiMgX RCII 3 + CII 3 X + (CIT 30 S 020 ) 2 Mg 

provides no mechanism for the several iiroducts.-® The methyl halide 
must derive in considcnable part from the following reaction, which is 
known to occur ejuite smoothly. 

2(0113)2804 + MgXa ^ 2OH3X + (01l30S020)2Mg 

When one mole of diimdhyl sulfate (and not the two moles required for 
complete reaction) is heated with one mole of an RMgX solution, some 
of the Grignard n^agiait is, of coui'se, riuiov'ered. This recovered Grignard 
reagent was shown by analysis to contain much more basic magnesium 
than halogen, which establishes the removal of part of the magnesium 

“Spath, Monatah., 34 , 1965 (1913); Kuson, J. Am. Chem. Soc., 48 , 2681 (1926); 
Ellingboe and Fuson, ibid., 65 , 29G0 (1933). 

Hess and Rhoinboldt, Her., 64 , 2043 (1921); Meisonhoiinor, .Aa/i., 442 , 180 (1925); 
Gilman and Jones, J. Am. Chem. 62 , 1243 (1940) ; 63 , 11G2 (1941). 

Carothers and Berchet, J, Am. Chem. Soc., 66, 2807 (1933) ; Johnson, ibid., 66, 
3029 (1933). 

28(a) Cope, ibid., 56 , 1578 (1934). (b) Suter and Gerhart, Ibid., 67 , 107 (1935) ; Ros- 
lander and Marvel, ibid., 60 , 1491 (1928) ; Gilman and Heck, Ibid., 50 , 2223 (1928). 
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halide from the equilibrium: 2RMgX R2Mg + MgX2. Further- 
more, the formation of an appreciable quantity of CH30S020MgR 
(a modified Grignard reagent) sliows that redaction with RMgX pro- 
ceeds by cleavag(^ as RMg-X, and not as R-MgX as is generally true 
in Grignard reactions. 

(CH3)2S04 + IlMgX CII3X + ClIsOSOaOMgR 

This finds additional support in the preparation of the organomagnesium 
methyl sulfate by interaf^tion of diimithyl sulfate with RoMg com- 
pounds. 

(CH3)2S04 + R2Mg RCII3 + CH30S020MgR 

Accordingly, there is direct experimental evidence for reacition of 
dimethyl sulfate with magnesium halid(^ and R2Mg compound, and 
indirect analytical evidence for reaction with RMgX."®“ In short, 
each component of the Grignard tHiuilibrium reacts with dimethyl sul- 
fate. The reaction rat(\s vary, howewer, and the nndhyl halide; is 
produced largely from the; rapid reaction with magiu'sium halide. 
Finally, it is interesting to note that the RMgX compound reacts 
differently from the; RoMg compound. 

Reaction with Metals and Inorganic Salts. Grignai’d reagents n'act 
with those metals which geruirally form more n'active organomiTallic 
compounds. 

RMgX + Li RLi RMgX -f Na RNa 

However, the RMgX compounds gi\'(; otlu'r organometallic com- 
pounds with those, inorganic salts, generally the halides, which form less 
reactive organometallic compounds. 

RMgX -h Z11CI2 RZiiX RMgX + BeCU R2Be 

The organometallic pi'oduct is not always i.solatt;d, for sometimes it is 
quite unstable thermally and gives rise to coupling products in a trans- 
formation which is of value in sjmthesis. 

2RMgX + CuaCU 2RCu R— R + 2Cu 

Halides of non-m<!tals and of metalloids also generally undergo 
replacement of halogen by R of the RMgX compound. 

RMgX + BCI3 RPX2, R2BX, R3P 
RMgX + AsCL RAsX2, R2ASX, R3AS 

An excess of Grignard reagent gives the simple compounds (R3P and 
RsAs). 



ORGANOMETALLIC COMPOUNiJS 


511 


Secondary Reactions. Secondary reactions take place, in widely 
varying degrees, like most organic transformations. The kind and extent 
of the secondary reactions arc influenced by the reactant, the par- 
ticular Grignard reagent used, and the experimental conditions. In 
many cases it is possible to affect significantly the rate of various con- 
current or consecutive reactions so that one or another of several 
reaction courses is made to predominate or to be exclusive. The effect 
of various factors in the most widely studied reaction of carbonyl com- 
j)ounds with Grignard reagemts is strikingly illustrated on p. 646. 
Also, the effect of th(i kind of RMgX compound on 1,2- and 1,4-addition 
to conjugated systems is given on p. 673. 

Varying reaction rates are particularly evident with different types 
of RM compounds. This is to be expected, for the differences in reac- 
tivity of RM compounds liaving diff(^rent metals exceed the difftavnccs 
in reacitivity of a stu'icis of RMgX compounds having different R and 
X grouj)s. For example, benzalacetoi)henone can undergo 1,2- or 1,4- 
addition. 


C6H6CII=-CHCC6H6+C6lIi,:M 

11 

O 


non 


-> c:,ntCii==CHC(C6iT6)2 
1 

on 


.oIl6CH=CHCC„H;,-fCJI,.]M ' (C JI ,),C1ICH ■ CC„Ib 


II 

0 


OM' 


(C„H6)2CHCH2CC6H6 

A 


Tabl(! I illustrates the effect of A’arious CeHsM compounds on the 
extent of 1,2- and b-l-additions.-®" 


RM 

TABLE I 

% 1 ,2-A(Miti()n 

% 1 Addition 

(C8lI;,)2Be 

. . 

90 

(CcII;,) 2 Zn 

. . 

91 

(Cf,II.-.).-iAl 


94 

CoH.-.Mnl 


77 

CoIInMKllr 


94 

Cellri-i 

69 

13 

Cf,II;,N.-l 

39 

3.6 

Celli-Cal 

45 


CeRsK 

52 



Azobenzene n'acts in three general ways with CeH,r,M com])ounds: 
reduction to aniline; kvss exl.en.sive r('duct,ion to hydrazobenzene (reac- 
tion 1); and addition to give triphcnylhydrazine (reaction 2). 

(a) Gilman and Kirby, iln'd., 63, 2040 (1941). (6) Gilman and Bailie. J. Otr. Chem. 
2. 84 (1937). 
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CeHsN^NCeHfi + 2 C 6 H 5 M 


HOH 


C6H6N=NC6n6 + CeHsM 


HOH 


» CoHs—N—N— Cells + CeHsCeHs (1) 

I I 

H II 

> CcHs— N N— CellB ( 2 ) 

H 

Cells 

Tabic II lists the chief products obtained from azobenzene and some 
CeHsM compounds. 

TABLE II 


RM 

Product 

(CelDaZn 

Aniline 

CsHsMnl 

Aniline 

(C6l-I.o)2Be 

Hy drnzobenzene 

CsHsMgBr 

H ydrazobenzene 

CsIIsLi 

Ily dr azoben zene 

CsHsNa 

Hydrazobenzene 

CcHsCal 

Triplumylhydrazine 

CsHsK 

Triphenylhydrazine 


Mention has b(!en made of the participation of all thn'c components 
of a Grignard mixture (RMgX, RoMg, and MgX 2 ) in the reaction with 
alkyl sulfonates. Another illustration of a side n^aettion of magnesium 
halide is the ring contraction oljs('i-\'ed with some alicyclic oxides. 

Ethylene oxide is a useful reagent for introducing the /S-hydroxy- 
ethyl group. 


CIISK 

I > 

CHz/ 


0 + CsIIsMgBr 


Cll 20 MgBr 

I 

ClRCslls 


CcHsCIIaCIbOH 


However, anomalous reactions take place in the reaction with some 
alictyclic oxid(w. Thus, the alcrohol obtaiiunl from cyclohexene oxide 
and methylmagnesium iodide was supposed to be 67s-2-methylcyclo- 
hcxanol 


cn2 

/\ /H 

H2C c/ 

CH2 

/\ 

H2C CIIOH 

1 1 >0 + CHsMgl - 

- 1 1 

H2C C< 

II2C CHCII3 

\/ Nl 

\/ 

CH2 

CH2 


until it was shown to be unlike the two isomeric 2-cyclohcxanols sub- 
sequently prepared by the reduction of o-cresol. The anomalous 
Grignard reaction found an explanation in the observations that RMgX 
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compounds react with oxides and chlorohydrins of the cycloparaffin 
scries to give ring contraction.*®® The supposed m-2-methylcyclo- 
hexanol was in reality methylcyclopcntylcarbinol, which results from 
the following sequential reactions: 


CHa 

/\ 


/ 


H 


HaC 

>0 "h MgXa 

HaC C< 

\/ 

CHa 

CHa 


CHa 

/\ 

HaC CHX 

I I 

HaC CIIOMgX 

\/ 

CHa 


Hon 


HaC 


/\ 

CHX 


HaC CHOH 

\/ 

Clla 


H.C— 

— CHii 

HsC 

1 

1 

ClIaMRl 1 

HoC 

CTI— CHO 

HoC 


CHa 

I H 

CII— C— OH 


CHa CHa CII3 

The primary prodiuit of reaction between cyclohexene oxide and a 
Grignard reagent is the haluhydrin derivative, which gives the smaller 
ring when strongly heated. Cyclopent-anealdi'hyde is actually obtained 
by heating cyclolu'xene oxide with magn(!sium bromide in dry ether.*®® 
On such a basis one might expect (he halogen-free organomagnesium 
compound to add “normally” to cyclohexcme oxide. The expectation 
is correct, for dimc^thylmagiK'sium and diethylmagnesium give 2- 
methylcyclohexanol and 2-ethylcyclohexanol, respectively.*®*’ 

However, the problem is not simplci, and the absence of magnesium 
halide is no necessary coTidition for the avoidance of ring conti-action. 
For examphi, cyclohexene oxide and benzylmagnesium chloride give 
2-benzylcyclohexanol.*®'^ This somewhat unexpected result cannot 

(a) Godchot and Cauqiiil, Ccnnpt, rend., 186 , 375, 955 (1928) ; Vavoii and Mitcho- 
vitch, ibid., 186 , 702 (1928). (?>) Bodos, ibid., 189 , 255 (1929) ; Tiffeneau, Bull. soc. chini., 
3 , 1942 (193G). (c) Bartlett and Berry, J. Am. Chem. Soc., 56 , 2083 (1934) ; Norton and 
Hass, ibid., 68, 2147 (1930) ; Cottle and Powell, ibid., 68, 2207 (1930). (d) Cook, Hewett, 
and T.awrence, J. Chevi. Soc., 71 (1930). For other reactions of oxides and RM compounds, 
see Wooster, Segool, and Allan, J. Am. Chem. Sac., 60 , 1000 (1938), and Huston and 
Agett, J. Org. Chem., 6 , 123 (1941). (c) Dean and Wolf, J. Am. Chern. Soc., 58 , 332 (1936). 
(/) Coleman and Hauser, ibid., 60 , 1193 (1928) ; Coleman and Blomquist, ibid., 63 , 1692 
(1941). 
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be attributed to the position of equilibrium with this Grignard reagent 
inasmuch as solutions of phenylmagnesium bromide, benzylmagnesium 
chloride, and /3-phcnylethylmagnesium bromide have about the same 
percentage of R 2 Mg comj)ound (75.8 per cent, 73.4 per cent, and 76.0 
per cent, respectively) whereas only benzylmagnesium chloride gives 
the non-contracted cyclic product. A possible explanation is that 
dibenzylmagnesium is more reactive than benzylmagnesium chloride 
and magnesium chloride towards cyclohexcne oxide, the Grignard 
equilibrium thus being disturbed by conversion of the less active 
C 6 H 5 CH 2 MgCI to (CGH 5 CH 2 ) 2 Mg. In support of this interpretation 
is the fact that phenyllithium and phenyhialcium iodide, whit^h are 
more reactive generally than the corresponding phenylmagnesium 
halides, do not give ring contraction with cyclohexene oxide. 

Incidentally, these several experiments illustrate some risks involved 
in making sweeping generalizations on the basis of a single oigano- 
metallic compound or a small number of organoim^tallic compounds. 
First, although benzylmagnesium chloride gives no ring (contraction 
with cycloh(ixene oxide, there is ring contraction with the nclak'd halo- 
hydrin (2-chlorocyclohexanol). In this latter respect, therefore^, benzyl- 
magnesium chloride is like the other RMgX comjxxinds examiiucd. 
Second, chloral reacts with alkyl and aryl Grignard ncagents, including 
benzylmagnesium chloride, to give secondary alcohols. 

CCbCHO -I- CeHsCHaMgCl CC13CH(OH)CTI2 CgH5 

However, other relatc'd phenyl-substituted alkylmagnesium halides 
like j8-phenylethylmagncsium bromide, 7 -i)h(cnylproj?yhnagnesium bro- 
mide, and 5-phenylbutylmagncsium bromide reduce chloral to tri- 
chloroethanol.^®* Third, even some Grignard reagents having the 
same R grou]), but unlike halogens, react at significantly different rates 
with some compounds.’®^ 

Reaction Mechanisms. Grignard reagents arc polar compounds, 
and it is to be expected that the more satisfactory interpretations of their 
reaction mechanisms will be found to involve electronic concepts. 
Significant advances in this direction have been made with the chelation 
principles discussed elsewhere (p. 1879). 

Gross interpretations of reaction mechanisms are of particular 
interest with polyfunctional compounds. The react ion between diphenyl- 
ketene and phenylmagnesium bromide yields triphenylvinyl alcohol. 
The formation of this compound, however, throws no light on the 
mechanism of reaction, for the addition of phenylmagnesium bromide 
either to the carbonyl linkage or to the olefinic hnkage would account 
for the product. 
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(CoH5)2C==C-OMgBr 

(C.IU)!iC— C=0 
BrMg ieHs 


HOH {^6ll6)2C — C — OTI 

^ Rearr.jJ, 

hoh (C.IU)2C-C=-0 
^ H icFIj 


In a sense this was an impossible reaction when it was first carried out 
inasmuch as all reactions of ketones were then explained on the basis of 
initial addition to tlu; cthylenic linkage,®^" and Grignard reagents do not 
add to an cthylenic linkage. 

One way of (wtablishing the mode of addition is to prove the struc- 
ture of the intermediaU'Iy formed magnesium compound prior to 
hydrolysis and th(! attendant possibility of rearrangement. This 
was done by treating the mixture with benzoyl chloride in order to tag 
or label the position of the — MgBr grouj). If addition takes place at the 
carbonyl group, the btaizoate of t.riphenylvinyl alcohol should form. 


(CcH 5)2C=C— OMgBr -b CgIIsCOCI (Cf,UB:2C=C— ()-CC«H5 


CeHs CbHb O 

If, howxwer, addition occurs at the (cthylenic linkage, the product should 
be diphonyldilx'nzoylmethaTK!. 


(CcTIb)-C — (’=^0 -t- CsHbCOCI 

1 I 

BrMg CbIIb 


(CfJiOoC — c=o 

i==o CbHb 
I 

CcHb 


The product actually obtained w'as the benzoate of triphenylvinyl 
alcohol, thereby proving addition of the Grignard reagent to the car- 
bonyl linkage.'"'’ 

This method of establishing whether IMgX is attached to carbon or to 
oxygen (or another element) is one which has been used extensively, 
and with particular success by Kohler and co-workers in their elegant 
work on the reaction of Grignard reagents w'ith conjugated and other 
unsaturated systems (p. 673). Interestingly enough, Kohler in studies 
on the enolizing action of Grignard reagents has shown that the struc- 
ture of some of th(i intermediates — MgX compounds cannot be un- 
ambiguously labeled in the manner set forth. That is, an — OMgX 
linkage may re'act with a labeling reagent to give a product which 
appears to show that the intermediaUi linkage was — CMgX. Such 

(a) Staudinger, Ann., 356 , 122 (1907). (h) Gilman and Ileckert, J. Am. Chem. Soc., 
42 , 1010 (1920). (g) Kohler, Tishler, and Potter, ibid., 67 , 2517 (1935). Fuson, Fugate, 
and Fisher, ibid,, 61 , 2302 (1939). (d) Gilman and Jones, ibid., 63 , 1162 (1941). 
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— OMgX compounds will add to bcnzaldchyde, for example, exactly as 
simple Grignard reagents which have the — CMgX Imkage.®!® The 
situation is much like that of sodium acetoacc^tic ester which has an 
— ONa linkage and yet undergoes alkylation to yhdd C-alkylated 
derivatives. In short, it is sometimes impossible to establish, by 
labeling-replacement reactions, the element to which the — MgX group 
is attached. Actually, the intermediate magiK^sium compounds are, 
like the Grignard reagent, ionized. The magnesium or — MgX group 
need not be attached to eitlu'r oxygen or carbon, and the nature of the 
organic ion determines whethc^r one gets essentially an — OMgX or a 
— CMgX replacem('nt product. 

There is a possibility that the — OM and — CM forms may be co- 
existent. For example, the metallic derivatives of acctomesitylcne may 
be the following.®* 

2,4,6-(CH3).-,C6H2C=CH2 2,4,f)-(CTT3')3CJl2CCH2M 

i ' II 

OM O 

It is now known that under some conditions a react iv(^ C. — TM group may 
be present in a molecule containing also an otherwise reactive functional 
group (p. 538). 

Rearrangement Reactions. It is not uncommon for Grignard 
reagents and Grignard n'actions to show rt'an-augcanents. A simple 
illustration is the racemization that takes place when a Grignard 
reagent is formed from an oi)tically active halide.®®“ So-called abnormal 
products are most fi’equenlly encounten'd in n^actions of Grignard 
reagents derived from all.ylic sysUans like those in benzylmagncsium 
halides and crotylmagnesium halid(^s (('H:^CH=CHCH 2 MgX). “Ab- 
normal products” are not always formed, and the kind and e.xt(‘nt of 
rearrangement vary markedly with the nature of the reactant. Some 
typical rearrangement reactions and their mechanisms are considered 
elsewhere (pp. 1009 -1012, and 1879). The allylic rearrangement 
reactions are not peculiar to Grignard rtiagents but an^ shown by a great 
variety of organ ometallic types.®®** They have been most closely 
examined in Grignard reactions, however. 

(a) Schwartz and Johnson, J. Arn. Chew, Soc., 63 , 1066 (1931) ; Pickard and Kenyon, 
J, Chem, Soc.y 99, 65 (1911) ; Porter, J. Am. Chcvi. Soc.y 67 , 1436 (1935) ; Marker, Oakwood, 
and Crooks, ibid., 68, 481 (1936) ; Bergmann and Bondi, ibtd., 68, 1814 (1936) ; Wallis and 
Adams, ibid., 66, 3838 (1933). For a ndated study of the action of lithium on an optically 
active chloride, see Tarbell and Weiss, ibid., 61 , 1203 (1939). (b) Gilman and Nelson, 

ibid., 61 , 741 (1939). (c) For some orienting references see Gilman and Harris, ibid., 63 , 
3541 (1931) ; Gilman and Kirby, iltid., 64 , 345 (1932) ; Austin and Johnson, ibid., 64 , 647 
(1932) ; Jacobs, Cramer, and Weiss, ibid., 62 , 1849 (1940) ; Campbell, Anderson, and 
Gilmore, J. Chem. Sue., 819 (1940;. (d; Young and co-workers, J. Am, Chem. Soc., 68, 
289, 441 (1936) ; 60 , 900 (1938). 
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The 80-called allylic rearrangements may not be true rearrangements. 
It was suggested some time ago that the anomalous reactions may 
actually be due in some cases to the co-t^xisience of two structurally 
isomeric RM compounds.®' Recent studies have lent experimental 
support to this interpretation 

Constitution. Grignard reagents arc almost always prepared in an 
ether, and only rarely in a ter tiary amine. The reagent forms a co- 
ordination compound with such solvents. Iirasmuch as a coordinating 
solvent or any solvt'nt is not necessary for the preparation of Grignard 
reagents it is permissible to (lonfine attention to the solvent-free com- 
plc!X. Jolibois first suggr'sted that thrr Grignard rrragents should be 
designated ris R2Mg'MgX2 and not as RMgX. Then evidence was 
presented for the following eriuilibrium 

2RMrX RoMg + MgX2 

which has also found supjrort in a scries of electrolj'sis studies. Dioxane 
irrcicipitatcs RMgX and ma.gnesium halide from ether solutions, leaving 
the R2Mg compound, a proc(‘dur<! which incidc'iitally is usc'ful for the 
pi’cparation of R2iMg compounds. Also, dimethylmagnesium can be 
distilled, under r(;diic('d pi('ssur(', from mc^thylmagnesium chloride.®' 
Furthermore', a mixiui’c of eepiivalent quantities of R2Mg and MgX2 
behaves exactly like the; cor I'espon ding Gi'ignard reiagent prepared from 
RX and magiu'sium. No rt'agc'ni/ is known which will react with either 
RMgX or R2Mg and not with the other. Other than with alkyl sul- 
fonate's, tlu'ie are' no elifterence s in kind of rcaeetion with the mixed and 
simple oj’gane)magne!sium coinpounels. Actually, therefore, in spite of 
goe)d evidence' fe)r R^Mg theje is ne> rigorenis support for RMgX. In 
this connee'tion, one of the cquililjiia jiroposed for Grignard reagents is 

li2Mg'MgX2 i R2Mg MgX2 

where the de)t re^prc'se-nts some feum e)f molecular complex.®'* Inasmuch 
as the Grignard reagent, s iirc ie)nized, the most significant point to empha- 
size is that RMgX compounds e^an ionize to [R]”, [MgX]"^, [RMg]"^, 
[X]- and [Mg]++. 

The percentage of R2Mg in a Grignard solution varies both with the 
R group and the halogen.®'’’'*" 

(a) Jolibois, Cornpt, rend., 165 , 353 (1912). (6) Scbleiik and Schlcnk, Ber.y 62 , 920 
(1929); Gilman and Fotlicrgill, J. Ain. Chern. Soc., 61 , 3149 (1929). (c) Gilman and 

Brown, Etc. trav. chi)n. 48 , 1133 (1929). (d) Noller, J. Am. Chem. <Soc., 53 , 035 (1931). 

{e) Schlenk, Jr., Bcr.^ 64 , 734 (1931); Noller and llilincr, J. Am. Chem. Soc., 64 , 2503 
(1932) ; Johnson and Adkins, i5n/., 64 , 1943 (1932) ; Bartlett and Berry, ibid., 66 , 2683 
(1934); Cope, ibid., 66 , 1578 (1934); 67 , 2238 (1935); Noller and Haney, ibid,, 62 , 1749 
(1940); (^oleman and Blomquist, ibid., 63 , 1692 (1941). (/) Gomberg and Bachmann, 
ibid., 49 , 236, 2584 (1927). 
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Not only is there an equilibrium of the kind mentioned, but there 
may be the following eciuilibrium with triarylmethylmagnesium halides. 

(C6H6)3CMgX ;=> (C6 Hb) 3C + MgX 

The possibility of an MgX radical or ion suggests the Gomberg-Bach- 
mann magnesious halide equilibrium hi those Grignard solutions con- 
taining free magnesium.®®-'' 

MgX2 + Mg ^ 2MgX 

Altogether, therefore, a Grignard solution may bo a complex equilibrium 
mixture, which, for ordinary purposes, can be simply di^signated as 
RMgX. 

Relative Reactivities. There are pronounced ditfc'n'nces in the 
rates of reaction of Grignard reagents with a selected rc'actant, just as 
there are marked differences in the rates of n'action of a Grignard 
reagent with a sesries of reactants having unlike; functional groups. The; 
ndative reaedivities of some Grignard reag(;ni,s have b(;en determined 
in various ways. One procedure is to add a definite; excess of re;actant 
to the Grignard reage;nt and measure the time re;e]uired to use; up the 
RMgX e-eimpound, as evidence'd by a negative ceiloi test with IVIichler’s 
ketone.®^" '’ The r('activitie;s of .some; alkylmagne;.sium halides have be;en 
measured by the; rate of evolution of gas when treated with an ae-tive 
hydrogen compound like; indeaie.®*'" The rate's of reaction with an ester 
have been estalilished by interrupting the re'eiction and determining the 
quantity of unused e'ster.®'*'^ Another preice'dure is to jiermit two dif- 
ferent Grignard reage'iits to compete for an insufficient quantity of 
benzophenone.®"*® 

Where compariseins can be made, the; several se;ries do not give* 
wholly concordant results. "J'he series established by the reaction with 
benzonitrile 

RMgX + CcHbCN RCCbHb 

II 

O 

(a) Gilman, Heck, and Rt. John, R(t. trav. chim., 49, 212 (1930). (h) Gilman, St. John, 
St. John, and Lichtcnwalter, ihuL, 65, 577, 588 (193()). (c) Ivanov, Compt, rend., 196, 491 
(1933); Bull. soc. chirn., 61, 019 (1932). (d) Vavon, Barbier, and Thiebaut, ibid., 1, 800 
(1934). (e) Kharasch and Weinhouse, J. Org. Chern., 1, 209 (1930). (/) Kharasch, Hein- 

muth, and Mayo, Chem. Education, 13, 7 (1930) ; Kharasch, Pines, and Levine, J. Org. 
Chem., 3, 347 (1938); Whitmore and Bernstein, J. Am. Chcni. *S'oc., 60, 2620 (1938). (g) 

Gilman, Towne, and Jones, J. Am. Chem. Soc., 66, 4089 (1933). (/i) Kipping, .7, Chem. 
Soc., 2365 (1928); Bullard, J. Am. Chem,. Bor., 61, 3065 (1929); 63, 3150 (1931). (i) 

Simons, ibid., 67, 1299 (1935). (j) Wooster and Mitchell, ibid., 62, 688 (1930). This la^t 
article directs attention to some apparent weaknesses of the acid-cleavage series, {k) Gil- 
man and Towne, ibid., 61, 739 (1939). (1) Gilman and Moore, ibid., 62, 3206 (1940) ; Gil 
man, Moore, and Jones, ibid., 63, 2482 (1941). 
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is the most comprehensive so far examined. A part of the series follows, 
the numbers being average times in hours required for the complete 
reaction of RMgX with a definite excess of benzonitrile.^^'’ 


2,4,6-(UH3).iU6H2MgBr 

0 01 

n-CJIgM^Br 

4 57 

p-CHsCeHiMgBr 

0.10 

n-C4H9Mp:I 

7.50 

CcH&MgBr 

0 31 

.sYY:.-C4H9Mp;Br 

11.65 

C2ll5MgBr 

0 85 


25.5 

w-C4H9MgCl 

7.35 

C6Hr,CII^MgCl 

1.60 


C6H5feCMKBr 

77.0 



The same order applies, of course, in comj)etitive reactions. For example, 
wh(m mesitylmagiicsium bromide and phenyhnagnesium bromide arc 
allowed to compete for an in.sufficioiit quantity of beiizonitrile the 
products arc 92 per c(!nt of benzoylmcsityhine and 4 per ccait of benzo- 
phenono; and in a (competitive n'action using 7i-butylmagncsium bromide 
and pheny]ethynylmagn(c.sium bromide the only kcctone isolated was 
n-valccrophcmono, n-C^H oCX^CoIIj.'*^*’ 

An insp('ctiou of tlu' series reveals that the arylmagnesium halides 
are set apart from the alkylmagnesium halidc's, and this suggests a 
possible correlation bctw('on (he n'lativo reactivities of Grignard rea- 
gents and the ease of cleavag(c by acids of other organomcctallic com- 
pounds. When unsymnuctrical organometallic compounds of mer- 
cery load,'*'*'’ tin,'**'* and g<'rmanium are ckcaved by halogc'us and 
halogen acids there is a preferential replacccment of some of the radicals. 

C.-H6lIgC«Il6 + IICl CaTRHgCl + CoHe 

(rwC4Hi,)2Pl)(C2nt.)2 -I- 2HC1 (a-CMH9)2PbCl2 2 C 2 TIG 

On the basis of the above two reactions it will be observed that the 
decreasing order of ease of cleavage of the threce radicals is: CeHs, 
C^ 2 Hr„ ?i-C 4 n 9 . T'he series obtained by cleavag(' of unsymmetrical 
mercurials is discussed on p. 1071, and there is a satisfactory agreement 
betwecen this seih's and those obtaiiu^d by cleavage of other organo- 
metallic compounds.*'*' 

On the basis of the following ty])ical reaction, the 2-furjd radical 
appears to be cleaved more rapidly than any other nuclear radical so 
far examined in the chcavage of unsymmetrical organometallic com- 
pounds by hydrogen chloride.*^* 

(p-CH.-,OC 6 H 4 ) 2 Pb(C 4 lb.O- 2)2 -P 2IIC1 (p-CH 30 C 6 H 4 ) 2 PbCl 2 -P 2 C 4 H 4 O 

The general acid-cleavage series is particularly useful, for it enables 
one to predict with some accuracy which radicals will be preferentially 
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cleaved by halogen acids, and cleavage by acids is one of the few common 
reactions of all RM compounds. However, there arc definite and ex- 
pected limitations in applying any one cleavage series to other series. 
The order or arrangement of radicals in a series depends not only on 
the nature of the radical, but also on the so-called cleavage agent, as 
W'ell as on the central metallic element.®^' For example, the rates of 
cleavage of radicals in unsymme'ti-ical organolead compounds by sodium 
in liquid ammonia are quite unlike the raU's of cleavage of such com- 
pounds by hydrogen chloride in benzene or chloroform. 


Periodic Arrangement of Elements 


Group 

Family 

I 

[A1 [B] 

II 

[A] IBl 

III 

[A] [B1 

IV 

|A1 IB] 

V 

lA] IB] 

VI 

[A] IBl 

VII 

[A| [Bl 

VIII 


Li 

Be 

B 

C 

N 

0 

F 


Na 

Mg 

A1 

8i 

P 

s 

Cl 



K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Yc Co Ni 


Cu 

Zn 

Ca 

Go 

As 

Se 

I 

Br 



Rb 

Sr 

Y 

Zr 

Cb 

Mo 

Mil 

Bii Bh Pd 


Ag 

Cd 

! In 

Sn 

SI) 

T(‘ 

! i 



Cs 

Ba 

La 

Ilf 

Ta 

Bi 

vv 

Bo 

Os Ir Pt 


Au 

Hg 

T1 

J^) 

Po 

S5 



S7 

Ba 

Ac 

Th 

Pa 

U 



RELATIVE REACTIVITIES OF ORGANOMETALLIC COMPOUNDS 

Inasmuch as organometallic compounds differ generally in degree or 
rate of reaction rather than in kind of reai^tion it is desirable to formulate 
at this place some broad generalizations concerning rtilative reac- 
tivities.®* The expression “relative reactivities” is not intended to 
include two highly obvious pioperties of some RM compounds: namely, 
thermal instabihty and spontaneous inflammability. The highly un- 
stable organosilver and organogold (RAu) compounds are of a rela- 
tively low order of so-callcid typical chimical reactivity, and ethyl- 
potassium which starts to decompose at room temperature is extremely 
reactive. Trimethylboron and trimethylbismuth are spontaneously 
inflammable but not particularly reactive otherwise, whereas the 
methylalkaU compounds like mcthylsodium are spontaneously inflam- 


Gilman and Nelson, Rec, trav. chim,^ 55, 518 (1936). 
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mable and also highly reactive generally. There appear, at this time, to 
bo no correlations of thermal instability, spontaneous inflammability, 
and other chemical transformations. The illustrations just given arc 
of RM compounds which arc cither highly reactive or of a relatively 
low order of reactivity. Organomangancsc compounds are of moderate 
reactivity, but they are not only thermally unstable but also spon- 
taneously inflammable. 

A typical critc'rion of relative reactivity is addition to the carbonyl 
linkage. This reaction is shown not only by the thermally unstable 
organocoi^pev and organosilver compounds, but also by the spon- 
taneously inflammable organoberyllium and organoboron compounds 
as well as by the rc'latively unreactive organomercury and organolead 
comi)ounds. TIu' t(si rules which follow are based generally on relative 
r(;acti\dties established by addition reactions to functional groups like 
the carbonyl and cyano. 

First, the organomt'tallic- compounds in the A-families of the first 
thr('C groups of the periodic table increase in n'activity with increasing 
atomic weight or atomic number. For exami)le, in Group I, the order 
of increasing activity is: Li, Na, K, Kb, Cs. On this basis, when organo- 
metallic compounds will have been made of Element 87 it is to be 
expectx'd that they will b(^ tlu; most reactive organometallic compounds. 
In Group II, the order of increasing activity appears to be: Be, Mg, 
Ca, Sr, Ba, Ra. Yny little is known of oj-ganostrontium, organobarium, 
and organoradium compounds. In the A-family of Group III, the only 
organometallic com})ounds so far compared are those of boron and 
aluminum, and here tlu', order of increasing reactivity is: B, Al. 

Tlu; differences in reactivity are by no means regular, either in a 
selected group or when the mcanbers of one group are compared with 
the corresponding membcas of an adjacent group. For example, 
organosodium compounds are distinctly more reactive than organo- 
lithium compounds, but organopota.ssium compounds appear to be 
only slightly inoi'e reactive than organosodium compounds. Also, 
organomagnesium compoxmds are only slightly more reactive than 
organoberyllium compounds, whereas organocalcium compounds are 
decid(;aly more reactive than organomagnesium compounds. That is, in 
Group I the difference between the first and second organometallic 
types is greater than that between the second and third; but in Group II 
the difference between the first two types is less than that between the 
second and third. 

Second, the organometallic compounds in the B-families of the first 
three groups generally decrejise in reactivity with increasing atomic 
weight. For example, in Group I, the order of decreasing activity is: 



522 


ORGANIC CHEMISTRY 


Cu, Ag, Au; and in Group II: Zn, Cd, Hg. In Group III, however, the 
order of decreasing reactivity is: In, Ga, Tl. 

Third, in the A-familics of the first three groups, the organometallic 
compounds of one of the families of a selected group arc more reactive 
than the corresponding organometallic compounds in the next higher 
group of that period. For example, the order of decreasing activity 
of the first members of the A-families of Groups I, II, and III is: Li, Be, 
B. In the next period, the order of decreasing activity is: Na, Mg, Al. 
Then we have the order: K, Ca, the organocompounds of Sc being as 
yet of unknown reactivity. Actually, the first element in an A-family 
of the first three groups gives an organometallic compound which is 
not only more reactive than that of the corresponding type in the next 
group, but also more reactive', than the organometallic compounds 
derived from the second metal in the A-family of the next higher group. 
For example, organolilhium compounds exceed organoberyllium and 
organomagne.sium compounds in reactivity. Likewise', organoberyllium 
compounds are more reactive than organoboron and organoaluminum 
compounds. 

Fourth, the least reactive organome'tallic oennpound derived from 
a metal of the A-family of one of the first, three groups is moie reactive 
than the most reactive e)rganome'tallic compound ce)ntainhig a metal 
of the B-family of thei same group. For example, organolithium 
compounds are more reactive than the corresponding organocopper 
compounds; and organoberyllium compounds arc more reactive than the 
corresponding organozinc compounds. 

Fifth, in the first three groups, an organomfitallic compound derived 
from a metal of the B-family is less reactive than the organometallic 
compound of a metal from the A-family of the next higher group. For 
example, organocopper compounds (B-family of Groujj I) are le.ss 
reactive than organobciyllium compounds (A-family of Group II); and 
organozinc compounds (B-family of Group II) are less reactive than 
organoboron compounds (A-family of Group III). 

The organometallic compounds of Group IV may be considered 
transitional between those of the three groups which prcK'cde and those 
of the three groups which follow Gioup IV. Actually, gcnieralizalions 
on the relative reactivities of organometallic compounds of Groups V, 
VI, and VII arc essentially inversed counterparts of the generalizations 
concerned with Groups I, II, and III. These somewhat symmetrical 
formulations, if Group IV is pictured to form a sort of planci of sym- 
metry, find an added emphasis in the A- and B-families of Group IV. 
The two families in Group IV appear to be less different than the two 
families in any other group. It must be admitted, however, that the 
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generalizations on organonwitallic compounds of Groups V, VI, and VII 
are less secure than those concerning Groups I, II, and III, for the 
simple reason that less is known of organometallic compounds in 
Groups V, VI, and VII. 

Sixth, the organometallic compounds in the A-families of Groups IV, 
V, VI, and VII decrease in reactivity with incic^ase in atomic weight 
of the metal. For exami)l{‘, in Gi’oup VII organ omanganese compounds 
are distinctly more reactive than organoiiu'nium compounds. This 
generalization is almost pure hj'pothesis bt^cause practically nothing is 
known of organometallic compounds of the A-families of Groups IV 
and V. 

Seventh, the organometallic (oi- organ omeialloidal, or in some cases, 
merely the organic) compounds in the B-famili('s cif Groups IV, V, VI, 
and VII increase in reactivity with increase in atomic weight of the 
element. For example!, in Gi’ouj) IV the order of increasing activity is: 
Ge, Sn, Pb; and in Group V tlu' order is: As, Sb, Bi. Nothing is known 
of organopolonium comieounds in Group VI, but the order of increasing 
reactivity of organic compounds of the otlu'i' eicanents in this group, 
as evidenced by general chemical labilit}' of the R gi-oups, is: O, S, Se, Te. 
In Group VH the order of increasing ae-tivity is: F, Cl, Br, I. It will 
be recalled that some ascribe metallic characteristics to iodine. 

lOighth, in Gi'oups V, ^T, and VH, the organometallic compounds 
of the A-family ekanents of a group ar<! less rc'aclive than the corre- 
sponding organometallic coiniKUinds of tlu* next higher group of that 
period. For examjile, the ordta’ of in(a-i!asing activity of tlui first mem- 
bers of the A-fainilies in Groui)s V, \T, and VH is: V, Cr, Mn. 

Ninth, the very miaigca’ information on organometallic compounds 
of the Ft! to Pt. series (Grouj) ’NTH) maj’ warrant the guess that these 
nine metals wall form a series of organometallic ettmpounds the reactivi- 
ties of which wall be patterned somt'what after the formulations proposed 
for the nine metals wdiich compiase the B-families of the first three 
groups. 

Tenth, an unsymnietrical organometallic compound of the type 
RMIl' is more reactive than the symmetrical compound RMR, where 
M is the same metal. For examph!, (CflH5)2Pb(C2H5)2 is more reactive 
than either (CGH5)4Pb or (C2H5)4Pb. 

No reasonabl(! fornudation is possible at this time on the relative 
reactivities of “mixed” organometallic compounds (RMX) and “simple” 
RMR compounds. For example, RMgX compounds appear to be 
generally more reactive than R2Mg compounds. How'ever, R2AIX and 
RAIX2 compounds may be more or l(!ss reactive than R3AI compounds, 
depending on the reactant selected for establishing relative reactivities. 
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Also, insufl&cient evidence is available to warrant generalizations on 
the relative reactivities of a series of organometallic compounds where 
the selected metal may have different valences : for example, RgPb, RsPb, 
R 4 Pb. By reactivity in such compounds is not meant the tendency 
to add elements or groups to give a higher-valenced organometallic 
compound but rather the tendency of any R group to become detached 
from the metal and combine with some other element or group, par- 
ticularly the carbonyl group. 

Inasmuch as the reactivities of organometallic compounds are 
influenced not only by the metal but also by the R group, it is to be 
expected that the ten generalizations owe whatever validity they may 
have to comparisons mad(^ with the same R group or R groups of equal 
effect. The rules may be inverted in some cases by a pj’oper variation of 
R groups. For example, dimethylb(iryllium is less reactive than 
dimethylmagnesium, l)ut dimethylberyllium is more reactive than 
diphenylethynylmagnesium [(C( 5 H 5 C=C) 2 Mg]. 

Broadly speaking, the relative reactivities of metallic^ hydrides and 
carbides agree with the formulations proposed for the relative reactivi- 
ties of organometallic compounds. 


GROUP I. A-FAMILY 
[Li, Na, K, Rb, Cs] 

The simpler organoalkali compounds are best prepared by the 
action of an alkali metal on tlu; Rollg or RoZn compound.^’ 

(Cll 3 ) 2 llg -k 2Na CIIaNa + Na(Hg) 

The organolithium compounds are exceptions, for those ai-e obtained 
satisfactorily by procedures like tho.se us(!d for the preparation of 
Grignard reagents.^** Actually, the RLi and RMgX compounds 
admirably supplement each other; some RX compounds which form 
Grignard reagents with ease do not form any significant quantity of 
organolithium compound, using the simphfied technique for the 
preparation of RMgX compounds, whereas some halides which react 
very sluggishly with magnesium enter into j)rompt reaction with lithium 
to give excellent 3 delds of RLi compounds. A case in point is the 

Schlenk and co-workers, Ann., 463, 1 (1928) ; 464, 1 (1928). 

37 Wankiyn, Ann., 107, 125 (1858) ; 140, 211 (1866) ; Grosse, Bcr., 69, 2646 (1926). 

3® Ziegler and Coloniiis, Ann., 479, 135 (1930) ; Gilman, Zoelliier, and Selby, J. Am. 
Chem. Soc., 64, 1957 (1932) ; 66, 1252 (1933) ; Gilman, Langham, and Moore, ibid., 62, 
2327 (1940) ; Muller and Topel, Ber., 72, 273 (1939). 
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preparation of p-dimethylaminophenyllithium in 95 per cent 3 neld in 
ether solution by the following reaction. 

p-(CH 3 ) 2 NC 6 H 4 Br + 2Li -> p-(Cn3)2NC6H4Li + LiBr 

It is pos.sible to differentiate between a Grignard reagemt and the 
corresponding RLi compound, and also between an alkyllithium com- 
pound and an aryllithium compound, by rca(;tions designated as color 
test II.**' This test is based on the following prompt halogen-metal 
kiterconversion reaction which is shown by alkyllithium compounds 
but not by aiyllithium compounds or RMgX compounds. 

a-C4ll»Li + 2J-(CH3)oNCcTl4Br-> p-CCITslaNCelldLi + n-C4H9Br 

The p-dim(!thylaminojihenyllithium that re.sults reacts with benzo- 
])h('non(' to giv(' a carbinol which on acidification turns r('d. 

Tlui organoalkali compounds have bc'cn roughly divided into three 
classes:** (1) The very highly reactive, colorle.ss, simple alkyl M and 
aryl M types which are highly polai’ and insoluble in organic solvents. 
(II) The coloH'd RM types which have the metal attached to a carbon 
in dir(.;ct union with aromatic rings or a sysUan of multiple bonds. 

CoHoCH^Na (C6H5)3CLi [(CH3).3CC^C]3CK 

Thc'se, like the RM compounds of cla.ss I, are ekictrolytic conductors 
in many organic solvents, i)articularly in di('thylzinc w'hich itself is 
non-conducting. (Ill) Numerous organolitJiium compounds which are 
coloi'less, li<]ui(ls or fusible .solids, .soluble in organic solvents, poor 
conductors, and generally only slightly i)olar. 

As a group, the organoalkali comi)ounds an; the most reactive 
types, and the order of incieasing reactivity is: RLi, RNa, RK, RRb, 
and RCs. This ordca- has been established in several ways and par- 
ticulai’ly by the I'caction rat(\s of the phenjdethynylalkali compounds, 
CoHsC^CM, with an (excess of bc'nzonitrile, using the color test to 
d<'termino when tlu; RM comi)ound was used up.'*® Benzonitrile was 
used b('cause it contains a functional group which reacts slowly with 
organometallic compounds; and the phenylethynyl radical was selected 
becau.so it gives a rc^latively unr('active organometallic compound when 
att ached to any mc:tal. An approximate idea of the relative reactivities 
follows; the tim(\s are in hours, and phenylethynylmagnesium bromide 
is included for comparative purposes. 

CfiH^CssCMgB^ 86 CeHafeCK 4.4 

C6H5C5=sCLi 60 CeHbOsCRb 3.9 

CelLC^FCNa 6 8 CcHi,C=CCs 2.9 

Ziegler, Crossmann, Kleiner, and Sehilfer, Ann.^ 473, 1 (1929). 

Gilman and Yonng, Org. Chvvi., 1 , 315 (1930). 
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In a broad sen.so, tho organoalkali compounds show all the reactions 
of Grignard reagents. They differ, however, from RMgX and many 
other RM compounds in one important respect: they undergo addition 
to an olcfinic linkage. Such addition is not peculiar to organoalkali 
compounds inasmuch as the highly reactive organocaleium compounds 
will likewise undergo such addition, but at a slower rate. It is most 
probable that the organic compounds of ])arium, strontium, and radium 
will be found to add to an olefinic linkage*, for, if one may draw con- 
clusions from present knowledge as well as from reasonable postulates, 
these together with the calcium compounds form a series that is more 
reactive than the^ RMgX type. 

The first observed addition to an olefinic group was that of phenyl- 
isopropylpotassium to 1,2-diphenylethylene.^* 


(C6ll5)(Cll3) .CK -1- C6H6CH=CHC6lT5 -> C6Tr6CIICIIC6H6 

I I 

(C6ll5)(C;H:02C K 


In general, the most n-activci organoalkali compounds of class I add 
readily; in class II those organoalkali compoxmds having more than 
one aromatic nucleus or unsaturati'd group attached to the carbon 
holding the metal add slowly or not at all or gi\’(' ris(^ to secondary 
reactions; and those in class III, lik(^ the alkyllithium compounds, add 
more slowly. Whether addition takc's place or not. dejn'iids, obviously, 
both on the RM compound and on th(; ok'finic linkage*. The? unsateirated 
carbons of the olefinic linkage must, as a rule*, be; dir(^ct,ly link(*d with 
an aromatic cycle or other unsat.urat(*d syst(*m, and the possil)ili1y of 
addition as well as of oth(*r reactions like substitution is influenced l)y 
both the number and kind of radicals. The following are some illustra- 
tions wdth phcnylisopropylpotassium (RK). 


(C6n5)2C=CH2 


(C6n5)2C=CHCoIl5 

CgH6CH=CHCH3 


Addition to give (CcIl 6 ) 2 C' — CH 2 

1 I 

K R 

No reaction 

Addition to give CcJIiCHCHCHs 


(CuIl 5 ) 2 C=CIICIl 3 Substitution to give (CgH 6 ) 2 C=CIICII 2 K 


Addition reactions of organoalkali comj)()unds to an olefinic linkage 
are intimately associated with othei transformations, particularly tin* 
addition of alkali metals to olefinic linkages, the polymerization of 
unsaturated hydrocarbons by alkali metals and organoalkali com- 

Ziegler and Bahr, Ber., 61 , 253 (1928). 
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pounds, and hydrogenation by means of alkali metaJs and their amal- 
gams. 

Two types of addition of alkali metals take place. One is a simple 
1,2-addition, 

(C6Hb)2C=C(C6Hb)2 + 2 Na (CbHbIoC C(C6Hb)2 

I I 

Na Na 

and the other has been termed a dimerizing addition, 

(C6Hb) 2C=CH2 -h 2 Na -f II2C=C(C6 Hb)2 (C6Hb)2CCH2CH2C(C6Hb)2 

i 1 

Na Na 


The dimc'rized addition products show the geiK'ral reactions of Grig- 
nard reagc'iits. However, the 1,2-addition products show few RMgX 
reactions; instead, they tend to regenerate the olcfinic linkage. 


(CellBl.C -CtCcIh).- 


Na Na 


O2 ^ 

2011,1 ^ 

CcIUCOCl 
> 


NtisOs*!” — 

2Nal-|-C2ll6+ -- 

C6lbCOCOCclb+ - 


(C6HB)2C=C(CeIb)2 


Water and carbon dioxide are among the small number of reagents 
which do not regenerate the double bond but react as with RMgX 
compounds. 


(CbUbIsC C(C 6I1 b) 2- 

I I 

Na Na 


H20 

-> 


CO2 


(CcTlB)2C-r(C6TlB)2 
H II 


(rBiiB)2r— c'(C6Hb)2 

I i 

TIO.C CO2H 


It is interesting to observe that the olefinic linkage in tetraphenyl- 
ethykine, which is relatively unreactive to some addition reagents 
(l)arti(ailarly bromine, which does not add), undergoes prompt addition 
of sodium. Furthermore, the addition of sodium may be peculiar to 
this alkali metal, for under corresponding conditions lithium does not 
add. This may not be surprising in view of the lesser general reactivity 
of lithium. However, it is surprising that under the same conditions 
potassium likewise docs not add. The dipotassium compound does 
form if sodium-pot assitim alloy be used, and this may be due to the 
initial addition of sodium followed by replacement by potassium in 
accordance with the general rule that the more reactive RM compound 
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results from reaction of the less reactive organometallic compound 
with a metal that can form a more reactive organometallic compound. 

RMgX + Li ^ liU 
RLi + K -> RK 

The absence of smooth addition with rubidium and cesium may be due 
in part to the relatively tremendous atomic; volumes of these mcitals. 
However, a dirubidium compound results whc;n sodium-rubidium alloy 
is used. Again, there may be preliminary addition of sodium followed 
by replacement of the sodium by rubidium.^” Such a reaction would 
conform with the generalization that wIktc; steric factors arc' involved 
replacement reactions are less hindered than addition reactions. 

Olefins like styrene, l-phenylbutadic;ne, butadiene*, and isoprene are 
polymerized by sodium powder, the last two c;ompounds giving sodium 
rubbers. The action of sodium on isoprene in liquid ammonia involves 
the preliminary 1,4-addition of sodium followed by hydrolysis to give; 
2-methylbutene-2.‘'2 

CIl2=C(CH3)CH=CH2 + 2Na CIl2C(CIl3)=CHCTl2 

I I 

Na Na 

— ■- > CH3C(CTl3)=CIICll3 -1- 2NaNH2 

Inasmuch as alkali metals add to an olefinic linkage to give* an organo- 
alkali compound, and since organoalkali compounds add to olefins to 
give more ccimplex organoalkali compounds, it is ujiderstandablc* how a 
small quantity of alkali metal or organoalkali compound might convert 
many olefin molecules to large; molecule's or polymers. 

RCH=CH 2 + R'M ^ RCHCH 2 R' 

I 

M 

RCII=CH 2 + RCIICII 2 R' RCHCH 2 CHRCH 2 R' 

1 I 

M M 

rCH=CH 2 + RCHCII 2 CTTRCII 2 R' RCHCH 2 CHRCH 2 CHRCn 2 R' 

1 I 

M M - 

The previously mentioned organoalkali compounds which do not add 
to an olefinic linkage do not effect polymerization. With conjugated 

Midgley and Henne, J. Am. Chem. Soc., 61, 1293 (1929). 

Schlenk, Appenrodt, Michael, and Thai, Bcr., 47, 473 (1914) ; Ziegler and Kleiner, 
Ann., 473, 57 (1929) ; Bergmaiin and co-workers, Ann., 480, 49, 59 (1930) ; Ber., 64, 1493 
(1931) ; Ziegler, Grimm, and Wilier, Ann., 642, 90 (1939). 
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systems like those present in butadiene and isoprene the polymeriza- 
tion probably involves 1,4-addition. 

The reduction of some olefinic linkages by sodium-amalgam and 
watcT probably involves the preliminary addition of sodium, followed 
by hydrolysis of the resulting organosodium compound. 

RCH==CH2 + Na(Hg) RCHCTI2 RCH2CH3 

1 I 

Na Na 

It is interesting to note that those hydrocarbons which are reduced by 
sodium in liquid ammonia add alkali metals or organoalkali compounds, 
and those which are not reduced do not undergo such addition.^® More 
parti (ailarly, in the reduction of naphthalene by sodium in Ikpiid 
ammonia to give tetrahydronaphthalene, thei (5 is not only the red color 
cliaracteristic of the organoalkali comi)ound but also the (piantitative 
{'vidc'in^e that oiily four atoms of sodium react with each molecule of 
naphthalene, (issentially irrespectivi^ of the quantity of excess metal, 
present and the elapst'd time of reaction.'’® 

CioHs -h 4 Na CioH8Na4 

Ci«Tl8Na4 + 4 NIT 3 Cinni2 + 4NaNPl2 

These obser^’ations are not consistent with thc^ alternative reduction by 
nascc'ut hydi’ogen derivt^l from sodium and ammonia. 

Liquid ammonia is an excellent and convenient solvent for many 
reactions involving tlu' alkali metals. There are, however, two notable 
difb'vences bei wxH'u inactions in liquid ammonia and reactions in other 
mc'dia: (1) the highly concentrati'd solutions of alkali metals in liquid 
ammonia tiuid to give inoni exb'nsive reactions; and (2) mort; side reac- 
tions occur in liquid ammonia due to participation of the solvent, as in 
ammonolysis and tlai formation of amines when halides are used.®^ 
Some substi(ut('d ammonium compounds arc analogous to organo- 
alkali (compounds.'*® For example, triphenylmethyltetramethylam- 

W' illstilttcr and Waldsehmidt-Leitz, Bcr., 64 , 113 (1921). 

Lebeau and co-workers, Cornpt. rend., 167 , 223 (1913) ; 168 , 1514 (1914) ; 169 , 70 
(1914). 

Wooster and co-workers, J. Am. Chem. Boc., 63 , 179 (1931); 69 , 596 (1937). For 
recent studies on tlie addition of alkali metals to olefinic linkages sec the following; (Rappel 
and Ferneliiis, J. Org. Chem., 6 , 40 (1940); Wright, J. Am. Chem. Soc., 61 , 2106 (1939) ; 
Jeanes and Adams, 'ibid., 69 , 200S (1937) ; Scott, Walker, and Hanslcy, ibid., 68 , 2442 
(1936); Hiickel and Bretschneider, Ann., 640 , 157 (1939); and see Fcrnclius and Watt 
Chem, Rev., 20 , 195 (1937), for a review of solutions of metals in litjuid ammonia. 

Wooster and Kyan, J. Am. Chem. Soc., 66, 1133 (1934). 

« Schlenk and Holtz, Ber., 49 . 603 (1916) ; Bcr., 60 , 262, 274 (1917). 
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monium, (C6H5)3CN(CH3)4, and benzyltetramethylanvmonium are 
colored, polar compounds which exhibit some typical reactions of the 
corresponding organoalkali compounds. 

HOH 

I > (CeHslsCH + (CH3)4N0H 

(C6Hb)3CN(CH3)4 — I 

-> (C 3 H 6 ) 3 CC 02 n [or (C^ 6 Tl 5 ) 3 CC 02 N(CH 3 ) 4 ] 

Attempts were made to prepare ammonium compounds having five 
closely related alkyl groups attached to nitrogen.^® No pentaalkyl 
ammonium compound was obtained, and the tertiary amines isolated 
never contained an R group which was not initially present in the 
quaternary ammonium salt. 

R'Li + [R4N]+Br- [R4N] +R'- + LiBr 

I 

R3N + CnIl2„+2 + CnH2n 

Conductivities of Organometallic Compounds. All organometallic 
compounds may be considered as salts derived from the weakly acidic 
RH compounds. 

2 RH + 2 M 2 RM + H2 

On such a basis, the organoalkali compounds .should be and actually 
are the most polar RM tyj)os inasmuch as they are prepared, directly 
or indirectly, from the strongest bases. As strongly polar compounds, 
one would exp(‘ct them not only to be good conductors but also to have 
the conductivities correlated with the strength of the bases from which 
they are derived. A particularly appropriate illustration is the study 
by Hein and co-workers on the molar conductivities of ethylalkali 
solvates of diethylzinc. For comparative purposes the molar con- 
ductivities of 0. 1 iV aqueous solutions of the corresponding metal hydrox- 
ides at 18 ° are also given. 

Molar Conductivities of Molar Conductivities of 

C2H5M Solvates of (C2H5)2Zn MOH 


C 2 H 6 Li 

0.13 

LiOH 

74.5 

C 2 HDNa 

4.01 

NaOH 

195 3 

C 2 H 5 K 

6.49 

KOH 

213 

C2H5Rb 

9.39 

RbOH 

213.3 


Hager and Marvel, J. Am. Chem. Soc., 48 , 2689 (1926). 

Hein, Z. Eleklrochcfn., 28 , 469 (1922) ; Hein, Petzchner, Wagler, and Segitz, Z 
anorg. allgem.. Chem., 141 , 161 (1924) ; Hein and Segitz, ibid., 168 , 163 (1926). 

“International Critical Tables,” McGraw-Hill Book Co., New York (1929), Vol. VI 
pp. 246-253- 
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The splendid correlation between conductivities and relative reac- 
tivities of the ethylalkali compounds would seem to promise a high 
usefulness for this method of comparing relative reactivities. How- 
ever, there are two general reasons for a restricted applicability of this 
procedure. First, even though the organoalkali compounds are the 
best conductors and (with the excerption of RM compounds derived 
from the alkaline-earth metals) the only types that cotiduct adequately 
for the purpo.ses in hand, they cannot generally be examined in this 
way. Their thermal instability precludes measurements in the fused 
state, and their insolubility together with high reactivity markedly 
limit the number of appropriate solvents. Second, the promise held 
out by the ethjdalkali compounds is not sustain('d generally because of 
distui-bing anomalous results. For example, jdu'nylsodium in dimclhyl- 
zinc docs not conduct at all, whereas phenyllithium which is distinctly 
less reactiv{r (“hemi(*ally does conduct. Also, th(r ord('r of conductivities 
in a series havhig a scleclcrd metal but different R groups dot's not always 
follow (iilhtrr the older of clitrmical reactivities or the order established 
by conductometric methods for RM compounds having corresponding 
R groups attai^hed to a different metal. 

The u.se of dit'thylzinc to prt^pare solvates of the ethylalkali com- 
pounds for conductivity studitis suggests that diethylzinc is a non- 
conductor. This is the fact. The same is true of the trialkylaluminum 
compounds, which, like dialkylzinc comi^ounds, have found extensive 
application as a modified medium for measuring conductivities of the 
more reactive RM tyj^es. If the moderately rc'active organoaluminum 
compounds do not conduct, it is understandable why the distinctly k^ss 
reactive organocadmium and organomcrcur}" compounds are non- 
conducting. It should be emphasized that in all this the simple and 
not the mixed organonn'tallic compounds are considered. The mixed 
salts like RMgX and the corresponding bases, RMOH, are as a rule good 
conductors. In siurh ca.s('s, however, it is probable that no significant 
ionization of the R-Metal linkage is involved. 

The conduction of organometallic compounds follows Faraday’s 
law. The metal is deposited on the cathode; and the R group, which is 
actually involved as an anion in the transport of the current, is dis- 
chargc:d at the anode to give the coupling (R-R) or disproportionation 
products [R(-l-H) + R( — H)] or both. 

Solvents of high diel(;ctric constant arc most suitable for such sUidies, 
and this applies to pyridine “ and particularly to liquid ammonia. “ 

Ziegler and Wollsehitt, Ann.. 479 , 123 (1930). 

Kraus, "The Properties of Electrically Conducting Systems,” Chemical Catalog Co.. 
New York (1922) ; Kraus and Johnson, J. Am, Chevi, 66, 3642 (1933). 
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However, with salts like the Grignard reagents the usual solvent, ether, 
is quite satisfactory, and liquid ammonia is totally unsuitable because 
of its active hydrogens. Considerable work, particularly by Evans,®* 
is being done on conductivity studies of RMgX compounds, and atten- 
tion has already been directed to the bearing of such studios on the 
constitution of Grignard reagents. 

Conductivity studies suggest the possible use of the electromotive 
series of the metals as a means of correlating relative reactivities, the 
more electropositive metals forming the more polar and more ix'active 
RM compounds. In a general way, there is a correlation, but some of 
the exceptions an; striking. If attention be confined to the alkali 
metals and calcium the following segment of the e.m.f. series results.®® 

Li 2.959 K 2.924 

Rb 2.925 Ca 2 76 

Na 2.714 

It is at once evident that lithium is (uitin^ly out of line in the sense that 
the above series might lead to the expectation that RLi eonqiourids 
would be the most r(;activc of the organoalkali compounds, whereas 
actually they are the least reactive. Also the organoealcium compounds 
should be mon; reactive than the oiganosodium compounds, l)ut they are 
often less reactive; and diethylcalcium has 1.)een report(;d as (*om])let.ely 
non-conducting in diethylzinc, whereas (ithylsodium is a good conductor. 

Ionization Potentials of Metallic Atoms, It has be(m suggest('d®® 
that the ionization potentials of metallic atoms provider a bettor corn'la- 
tion with the relative reactivities of RM compounds than either con- 
ductivities or the electromotive series. The lowcsr tin; ionization 
potential of the metal, in a given group or subgroup, the mon; reactive 
will be its simple * organometallic compounds. For example, tin; ioniza- 
tion potentials ®^ of the alkali metals an;: Li = 5.3(i; Na = 5.12; 
K = 4.32; Rb = 4.16; Cs = 3.87. This is exactly the inverse relation- 
ship of the relative reactivities of the corresponding RM compounds. 

Another pertinent illustration is the r(;lati\'e reactivities of the 
triphenyl derivatives of indium, gallium, and thallium. The ionization 
potentials of the metals in volts are: In = 5.76; Ga = 5.97; T1 = 6.07. 

Evans, Pearson, and Braithwaite, J, Am. Chem. Soc., 63, 2574 (1941); Koridiiirev, 
Ber.t 58 , 459 (1925); French and Drane, J. Am. Ckcm. Soc., 52 , 4904 (1930); Duval, 
Compt. rend., 202 , 1184 (1930). 

“International Critical Tables,’' M(;Graw-Hill Book Co., New York (1929), Vol. VI, 
p. 322. 

Gilman and Jones, J. Am. Chem. Soc., 62 , 2353 (1940). 

* Where only R groups and no salt-forming or acid radicals are attached to the metal. 

Latimer, “The Oxidation States of the Elements and Their I’oteiitials in Aqueous 
Solutions,’’ Prentice-Hall, New York, N. Y. (1938), p. 14. 
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Here, too, there is an inverse relationship with chemical reactivities of 
the corresponding R3M compounds (p. 555 ). 

There are exceptional cases which do not pennit exact correlations 
of chemical reactivities with ionization poteaitials. All that can be 
said at this time is that the broad rules previously fonnulatcd on the 
basis of groups and families of the periodic table are most useful be- 
cause they have the fewest exceptions. 

Acidic Hydrogens and Metalation. Inorganic salts arc commonly 
preparcjd by interaedion of an acid w'ith a medal, a base*, or a salt. The 
same general reaedions can bo used fe)r the preparatiem eef IIM com- 
pe)unds fre)m the very w'cakly acidic hydroeiarbons. 

2TlCsCn + 2 Na 2RCH=CNa + II2 

(C«H6),-,Cn + KNPlo (CoIRlaCK + KH3 (in lieiuid NH3) 

Cello + ng(OAc)2 CoIUlIgOAc + ITOAc 

Inasmueh as RM compe)unds have ])re)pertie's of salts, the^y react with a 
weak aedd (RH) to foian another salt and anothe^r acid. 

Rll -f- CoHoNa -H. RNa 4 - CaHo 

These several react ieens itu'edving the re'plaex'ment of an acidic hydrogen 
by metal to givei a true' organennetallic ceanpound illustrate trans- 
fejrmatienis de'signated as me'talatiem. 

It is clear that leeeth the possibility e)f me-talation and the rate e)f 
nietalatieni are intlue'uceel by the; strength of the aedel and by the strength 
of the base' 01' e)the'r nu'talating agent. The' partie-ular organic aedds 
under immediate e-onside'iatieai are the e'xtre'mely weak acids (RH), for 
whie-h the usual luetheeds of ele'te'i-mining ionization constants are not 
applicable. Inasmuch as the medalation of an RH compound by an 
RM ceem pound is influeiu'ed both by the strength of the acid and the 
polarity of the salt, it appe'ars reasemablei to e'xpee't that the reaction 
might be use'd te) measure' re'lati\e' acidities of the) very weak acids and 
relative; polar chai-ae-t eristics or reactivitie's of the salts e)r RM com- 
pounels. 

Benzene is metalated by cthylsodium to give phenylsodium in a 
reaction first studied by Sche)rigin.^® 

CcIRH -1- CzIRNa CelRNa + CaHs 

This reaction illustrate's the displacement of sodium from a salt of the 
relatively weaker acid (C^2H6) the relatively stronger acid (CoHe) 


“ Schorigin, J5cr., 41 , 2711 (190eS) ; 43 , 1938 (1910). 
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In like manner, a lateral hydrogen in toluene is shown to be more acidic 
than a nuclear hydrogen in benzene. 

CsHbCHs + CsHsNa -> CeHsCHaNa + CsH* 

From the following additional mctathetical reactions 

(C6n6)2CH2 + CellsClIaNa ^ (CellsliCHNa + CeHsCHs 

(CellBlaCH + (CeHBlaCHNa (CellBlsCNa + (CeHBlsCHa 

it follows that the order of increasing acidities of the several RH com- 
pounds is: 

CsHe, Celle, CeHeCHa, (CeTRljCHa, (CeHeleCII 

It has been found possible to arrange a series of extremely weak acids 
on a scale by using the general procedure just indicated,^® and with 
some aromatic types it was found that phenyldimethylmethane, 
C 6 H 5 (CH 3 ) 2 CH, was much weaker than idienylacetylone, CgHsC^CH 
(p. 1035). 'Phe method can also be used to compare the relative aciditi(!S 
of RNII 2 , ROH, and RSH compounds, all of whicJi are less acidic, of 
course, than carboxylic and sulfonic, acids. 

In lik(; manner, it is possible to compare the salts or RM compounds. 
For exam]jle, the Orignard reagent metalates dibenzofuran with 
difficulty, but organocalcium and organoalkali compounds effect metala- 
tion readily. 


9 1 



On such a basis, the organocalcium and organoalkali compounds are 
more saline or more polar than RMgX compounds. And because 
RLi compounds effect only monometalation whereas RNa compounds 
effect dimetalation 



a means is available of corroborating, in this case, the greater polarity or 
reactivity of the RNa compound. Under like conditions, the RK com- 

Conant and Wheland, J. Am. Chem. Soc.^ 64 , 1212 (1932) ; McEwen, ibid.^ 68 , 1124 
(1936). 



ORGANOMETALLIC COMPOUNDS 635 

pounds give more dimoialation than the less reactive RNa compounds. 
The highly reactive organoalkali compounds can be ari’anged in a series 
by extending the metalating reactions to uncommonly weak aliphatic 
acids like AlkylyCH. 

AlkybCn + C 2 II 5 K ^ AlkylsCK + Call,-, 


llieoretically it would not be sinprising to find the most reactive alkali 
metal, Element 87, inogrcssively inelalating methane to give a (larbide. 

M 

CH4 -> ClIaM -> ('H.Mo -> CHMa CM4 

In .short, hydrogen in any molecuk' is acidic in the sc'u.sc that it will 
pi'obably be found to be n'placeable by a metal. 

The l(5ss reactive organometallic; compounds c:m also be arranged 
in a seri(\s if stronger a(‘ids be u.si'd. For exampk', RMgX compounds 
react with active hydrogens attached to oxygen, sulfur, nitrogen, and 
triply bonded carbon (RC^CII). Under .s('l(‘ct('d conditions, the R^Al 
compounds K'act with the several types of active hydrogens just men- 
tioned, but not with true acetylenes; RoZn compounds react with 
RNII2 and the other types of activci hydrogen compounds, but not 
appreciably with R2NH compounds; and lUC'd c()m])()unds react 
lU'ither with true* acetylenes noi' with amines, but rc'act with the other 
types of active', hydrogcai compounds. This illustrates not only a pro- 
cedure for differentiating A'arious types of active hydrogen but also 
a mc'thod of arranging the RM compounds on thci basis of their rcsactions 
with active hydrogen compounds. The dc'creasing activities of these 
RM compounds toward active hydrogen compounds arc': R Alkali, 
RCaX, RMgX, RoZn, R3AI, R2Cd; and the decreasing strengths of 
the acids are: RSH, ROH, RNIIs, R2NH, RC^=f'H, RH.’ The series of 
RM compounds obtained by reaction with active; hydrogen types is 
not c;xactly that obtained by reaertion of RM compounds with a func- 
tional group like carbonyl. Also the scales of active hydrogen types 
is not always consistc'nt. For example, tric'thylbismuth reacts with 
RSH compounds but with none of the; other active' hydrogen types 
in eluding some carboxylic acids. 

The even less rc;active types like R^Sn and R4Pb can be differentiated 
l)y the U.SC' of stronger acids. For example, the' rate of cleavage of 
lUPb compounds by means of trichloroacetic acid is much greatc;r than 
that of the corresponding R4Sn compounds, whic'h on other grounds are 
known to be; le.ss reactive. Also, hydrogen chloride at 0° will cleave 
tetraphenyltin at a measurable rate for kinetic studies, but at a too 
rapid rate if tetraphenyllead be used. 
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In metalation reactions, the hydrogen or hydrogens replaced by 
metals may be the same or different, depending on the compound being 
metalated and on the metalating agent. When dibenzofuran is mono- 
mctalated the same 4-hydrogcn is replaced, irrespective of the metal- 
ating agent: alkali metal, RM compound, Hg(OAc) 2 . However, a 
related tyi)C, N-ethylcai'bazole, melalatcs in different positions depend- 
ing on the metalating agent.®®® 



C.Hb 



An even more striking example is the metalation of dibenzothiophene. 



which is monometalated in different positions by the 


othermse closely related i)hen}dlithium and phenyhialciuni iodide. 
This indicates highly selective reactions of synthetic value;, particularly 
when it is considered that metalations frequentlj'^ involve the replace- 
ment of hydroge'ns unafft;cted by other nuclear substitution reactions 
like halogenatiou, nitration, sulfonation, and the P'riedel-Crafts reaction. 

In general, metalation takes place; predominantly in a position 
ortho to the hetero element; and the ord(;r of do(;reasing influ(;ne;e of some; 
hetero elements is: 0, S, N, P, As.®®® A simple illustration is the metala- 
tion of phenoxathiin. 



(a) Gilman and Kirby, J, Org. Chem., 1, 146 (1936) ; Miller and Bachman, J. Am 
Chem. Soc., 67, 2447 (1935); Gilman, Stuckwisch, and Kendall, ibid., 63, 1758 (1941); 
(6) Gilman and Bebb, ibid., 61, 109 (1939) ; Gilman, Van Ess, Willis, and Stuckwisch, ibid., 
62, 2606 (1940). (c) Ziegler and Biihr, Her., 61, 253 (1928). (d) Gilman and Cook, J. 

Am. Chem, Soc., 62, 2813 (1940). (c) Gilman and Bradley, ibid., 60, 2333 (1938). 
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Aromatic nuclei and RM compounds do not always react to give 
metalation reactions. Two other transformations might be mentioned. 
One is addition as in anthracene. 


H R 



The other *'*'■ is dimerization as with phenanlluone. 

C0H4— CeIR CsIR— C6H4 C.(,Il4--C6H4 

2 1 1 + 2RK — *■ I 1 I I 

CII— =CH KCH C][— ClI CHK 


It is also possible to mc'talate phenanthrenc; in the 9 -position by means 
of alkyllithium compounds. With some partially hydrogenated 
polyiUK^hiar tyjK's like 1 , 4 -dihydronaphthal('ne there is smooth dehydro- 
genation to naphthalene.®'’'' 



In coniK'ction \vith lateral and not nuchnir metalation of hydro- 
carbons by alkali amides in liquid ammonia, 

RH -f MNII 2 RM + NH.H 

it was noticed that organoalkali compounds form only with those 
hydrocarbons having a benzohydryl group, (CoH5)2CH — . 

(CcIIb) 2CH2 (CfiHslaCIIM ; (CJTsIbCII (CoTlBl.'iCM 
(CoHbIzCHCHb (C6Hb)2CMCH.i ; (CcH6)2CHCH(C6IIb)2 

(CgHb)2CMCM(C6Hb)2 

No reaction was observ(!d with compounds like C6H5CH(CH3)2, 
CsHsCHaCHgCsHs, (C6Hs)3CCH3. The “benzohydryl rule” growing 
out of these studies has been used with success in interpreting some 
reactions. For example, when 1 , 1 , 2 -triphenylethylene is treated writh 
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sodium, the disodimn compound initially formed undergoes partial 
ammonolysis to give a monosodium compound. This compKjund should 
have the sodium attached to the benzohydryl carbon, and this inter- 
pretation was shown to be corn'ct by replacing the sodium by ethyl to 
give a hydrocarbon of established structure.®^ 

(C6H5)2C=CIIC6ll6 (CoHB)2C(Na)CH(Na)(C6n6) 

(C6HB)2C(Na)CH2C6HB (C6 TIb)2C(C2H6)CH2CoHb 

Halogen-Metal Interconversion Reactions.®-" The following halo- 
gen-metal interconversion rca(!tion occurs in a 97 per cent 3 'ield. 


a-CioHyBr -f n-CallTLi a-CidbLi + ri-CjIlyBr 


There are numerous variations of such r(;a(ttions. In general, the most 
useful halides are those containing bromine or iodiiK*; and, although 
halogen-metal intereonv(n-sions have been effected with a variety of 
RM compounds, organolithium compounds ai’e most effective. 

The reaction is of particular value in the synthesis of some reactive 
RM compounds which either cannot be pri'parc'd at all or (uin be 
prepared only with difficulty and in highly unsatisfactory yi('lds. For 
example, although no appreciable quantity of an RMgBr or Rid com- 
pound can be prepared directly from 3-bromo-2,4,5-triphenylfuran or 
2-bromo-3,4,G-triphenylpyridine, the respeettive RLi compounds are 
readily preparcid in satisfactory yields by halog(m-metal int(TConver- 
sions with ?i-butyllithium. 

Colb 


CoHb— 1 r-'^T 

CoHb- 


1 


Colb--^ 


■N' 


-CoHb 
— Br 


Of greater significance is the formation of RLi (;ompounds from com- 
pounds having otherwise reactive functional groui)s likci — OH, — NH 2 , 
— COOH, and ===C=N — . The yields of acids formed in the following 
transformations average in excess of 70 per cent. 

Wooster and Mitchell, J. Aw,. Chew. Hoc., 52 , 088 (1930). 

(a) Gilman and Jacoby, ,/. Org. Chem., 3 , 108 (1938) ; Wittig, Pockels, and Droge, 
Ber.t 71 , 1903 (1938); Gilman, Langham, and Jacoby, J. Am. CJicm. Hoc., 61 , 100 (1939); 
Gilman and Moore, ihid., 62 , 1843 (1940); Wittig and co-workcrs, Ber., 73 , 1197 (1940); 
Gilman, Langham, and Moore, J. Aw. Chew. Hoc., 62 , 2327 (1940) ; Gilman and Spatz, 
ibid., 62 , 446 (1940) ; 63 , 1653 (1941). (6) Gilman and Jones, ibid., 63 , 1439, 1441, 1443 
(1941). 
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(1) n-C4H9Li 

(2) aOi 

(3) UaO 

a BrC 6 H 40 H o-HOOCCGn 40 H 

p-]^rC6H4NH2 > p-H()OCC6n4NH2 

P-1C6H4C()()H 7 J-HOOCC 6 H 4 COOH 



The halogen-metal interconversion reacrtion not only providers a 
reasonable mechanism for some earli(*r so-called anomalous ic^actions 
between RM compounds and reactants having halogens or pseiido- 
halogens but also exi)lains the function of traces of RLi compound as a 
catalyst in halogen-metal interc.onv('rsions with unrvactive RM types.®-*' 
For examph', reaction 3 takers plac(' only in tlu^ j)]esenc{' of catalytic! 
quantities of RLi compound. The funcition of the RLi compound 
follows fi-om th(! established revcasibility of reactions 1 and 2, which 
add up to reaction 3. 

ILIlg + 2R'Li HLllg + 2RLi (1) 

2R'I + 2RLi 2RI + 2R'Li (2) 

R2llg -f 2R'l ^ R'..llg + 2RI (3) 

In general, a metal-metal iuterconvcirsion r('a(!tion like 1 proceeds 

more rapidly than a halog('n-m(!tal int('rcon\'crsion, and this in turn 
goes at a greatc'r rate than a hydrogen-metal iutercionvcavsion or metala- 
tion reaction. 

The Wurtz-Fittig Reaction (p. 385). The reaction between a halide 
and a metal is infiuencc'd both by the naictivity of the halogen in RX 
and by the reactivity of the metal. With metals that form moderately or 
slightly reactive RM compounds, the reaction tends to stop at the RM 
stage unless the RX compound is highly reactive. 

2RX + 2M 2RMX or (R 2 M -f MXj) 

With highly reactive metals, like the alkali metals, the reaction involves 
only one-half tlu! quantity of metal used above and the chief product 
is an R-R compound. 

2RX -I- 2M R-R + 2MX 

The latter reaction is known as the Wurtz-Fittig reaction, and although 
it is commonly associated with alkali metals it will be recalled that 
lithivim docs not r(!act to give R-R compounds unless the RX compound 
be very reactive or drastic conditions be used. 
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A large amount of work has been done on the mechanism of the 
Wurtz-Fittig reaction, and the two most widely held interpretations 
involve the intermediate formation of free radicals, 

2RX + 2M 2R- + 2MX 
2R- -> R-R 

and the intermediate formation of organoalkali compounds. 

RX + 2M RM + MX 
RM + RX R-R + MX 

The formation of compounds like triphenylene and o-dij)henylben- 
zene in the reaction mixture obtained from (‘hlorobenzene and sodium 
can be quite satisfactorily cxplaiiu'd on the basis of intermediate phenyl 
radicals whic^h can disproportionate to jdienylene radicals. These unite 
to give triphenylene. 


2C6H6- - 

CsHe -1- Cell 

SCeIR < - 

/C6n4 
^ C6ll4< 1 

\CgH4 


or the phenylene and phenyl radicals can combine to give o-diphenyl- 
benzene.®® 

CsHs— + — C 0 H 4 — + —Cells CeHsCoIRCeTTs 


Part of the case for the intermediate' formation of RM compounds 
rests on the capture of such compounds during the Wurtz-Fittig reac- 
tion. For example, isovaleric acid is obtained by the ae^tion of carbon 
dioxide on a reaction mixture of sodium and isobutyl bromide.®^ 

(CH3)2CHCn2Br + 2 Na (CII.3)2CIICH2Na + NaBr 

(CH3)2CHCH2Na + CO 2 (CH3)2CHCH2C02Na 


Actually, an RM compound has been isolated in a reaction of 3 -iodo- 
furan and sodium-potassium alloy.®®" 





COoK 


The isolation of small quantities of the RK compound ^vas attributed 
in part to the uncommon inertness of a /^-substituted halogen in furan. 

Bachmann and Clarke, ibid., 49 , 2089 (1927). 

Schorigin, Der., 41 , 2711 (1908) ; 43 , 1938 (1910) ; Ziegler and Schafer, Ann., 479 , 150 
(1930) ; Huckel, Kraemer, and Thiele, J. Chem.^ 142 , 207 (1935). 

(a) Gilman and Wright, J. Am. Chem. Soc., 66, 2893 (1933). (6) Bockmiihl and 

Ehrhart, Fr. pat., 736,428 {Chem. Zentr., II, 2193 (1933)]. (c) Morton and Hechen- 
bleikner, J. Am. Chem. Sac., 68 , 1697, 2599 (1936). (d) Bachmann and Wiselogle, ibid., 
68 , 1943 (1936). (e) Gilman, Pacevitz, and Baino, ibid,^ 62 , 1514 (1940). See^ alsOk 

Morton and Massengale, ibid., 62 , 120 (1940). 
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However, recent experiments have shown that organosodiiim com- 
pounds can be prepared directly from sodium and a varit^ty of RX 
compounds. Phenylsodium is obtainable in an 89 per cent yield from 
chlorobenzene in benzene; amyl chloride gives amylsodium and 
amylidene disodium (C 5 Hi()Na 2 ), which on carbonation form caproic 
and butylmalonic acids, respectively, in a combined yield of 5G per 
cent; and triphenyl (Jiloromethane in ether and benzene reacts rapidly 
with sodium, provid(id that fresh surfaces of the metal are exposc'd 
throughout the reaction, to give a 96 per cent yield of triphenylmethyl- 
sodium.®^'^ 

p]vcn phenylpotassium appears to be formed transitorily in a reaction 
between chlorobenzene and potassium in the presence of toluene. What 
prol:)ably occurs is lab'ial rnc'talation of toliuMic^ by the intermediately 
formed phenylpotassium to yield benzylpotassium in 84 per cent 
yield. 

CelUCl + 2K [CcHsK] + KCl 

[CeHbK] + CellsClIa CeHsCIIoK + CeHc 

What appears to be a ndated metalation is the transition from an 
initial 80 per cent yield of 7 >-tolylsodium from p-chlorotoluene and 
sodium in tolueiu^ at 35°, to a 79 per cent yield of benzylsodium when 
tlu^ mixture is refluxed. 

It is proba])le that both free radicals and RM (’ompounds are involved 
in the reaction. FurtluTinon', it seems reavsonable that another some- 
what unusiuil reaction precedes the iuti'rim'diate formation of free 
radicals and RM compounds. It has been shown that RX compounds 
are carriers of alkali metals as a (*onse(iuencc of the possible prior 
formation of complexc^s d(\signated as ‘hnelal halyls,'^ by analogy with 
metal ketyls. These halyls can lose MX to give a fre(‘, radical or R-R 
compound, or react with more metal to give an RM compound.®® 

CcllsBr + Na Cells . . . .Br. . . .Na 

Cells. . . .Br Na -> CeH^ h NaBr 

Cell 6- • « . Br . , , . Na 

; CeIR— CeHb + 2NaBr 

CoHb* . . .Br. . . .Na 

Cells. . . .Br. . . .Na + Na Cell^Na + NaBr 

Morton and Stevens, J. Am. Chem. Soc.y 64, 1919 (1932). For other rooent studies 
on mechanisms of the Wurtz-Fittig reaction see the following: Whitmore, Popkin, Bern- 
stein, and Wilkins, ibid.y 63, 124 (1941) ; Gilman and Moore, ibid,, 62, 1843 (1940) ; Blum- 
Bergmann, ib-id., 60, 1999 (1938); Richards, Trans. Faraday Soc., 36, 956 (1940); W''hit- 
more and Zook, J. Am. Chem. Sac,, 64, 1783 (1942). 
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If it be granted that RM formation is, to some extent, an inter- 
mediate stage in coupling reactions to give R-R compounds, then it 
may be concluded that all metals have formed or will form RM com- 
pounds inasmuch as metals generally react with RX compounds to give 
R-R compounds. Sometimes the relatively drastic conditions nec^es- 
sary to effect such coupling are just those which involve pyrolysis of 
the thermally labile types. 

2 RM -> R-R -1- 2 M 

GROUP I. B-FAMILY 
[Cu, Ag, Au] 

Thi' Grignard n'agent has Iwm'ii us('d for the preparation of organo- 
copper,®"’®** organosilver,®’'’®®'®® and organogold (^omj)ounds. 

CeHsMgl + Cul -> C6H5CU -b Mglo 
CoHBMgBr -f AgRr -> CeHsAg -f MgBrs 
CeHsMgBr + AuClCO CcHsAu -b MgItrCl + CO 

A mixtd compound of phenyl, silver and silver nitrate has been obtained 
as follows: 

(C6ll6)3PbC2H8 [or (C 6 HB) 3 SnC 2 ll 6 ] + AgNOa -> (C6TTr.Ag)2- AgNOs 

This n'action illustrates the greater reactivity of unsymmcitrical 
organomctallic compounds, inasmuch as the symmetrical R4Pb and 
R4Sn compounds do not react with siha^r nitrate. 

The insoluble organocopper and organosilver compounds reac’t in a 
normal manner with the more reactive functional groups. For cixarnph;, 
the phenyl diaivatives with acid chlorides give ketones; with allyl 
bromide they give allylbenzene,; and with phenjd isocyanate, benzanilide. 
The organocopper compounds are more reactive, both on the basis of 
yields of products and the wider variety of functional groups with which 
they enter into reaction. Howfwer, neith(;r the coi)per nor the silver 
compounds react with btuizonitrile. Because of the high instability of 
RAu comiMDunds no study has been made of this type with organic 
compounds having functional groups. 

Reich, Compt. rend., 177 , 322 (1923). 

Gilman and Straley, Rcc. trav. chim., 55, 821 (1930). 

Krause and Wendt, Ber., 56, 2064 (1923). 

Kharasch and Isl)ell, J. Am. Chem. Sac., 52, 2919 (1930) ; for recent investigations 
on the chemistry of organic compounds of gold see Gibson, Brit. Aasoc. Advancement Bci. 
Kept., 35 (1938) [C. A., 33 , 2838 (1939)]. 

Krause and Schmitz, Ber,, 52 , 2160 (1919). 
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The most characteristic reaction of the univalent copper, silver, and 
gold compounds is the prompt and complete decomposition to R-R 
compound and metal. 

2C6II5M CfiHG-CeHs + 2 M 

With a selected R group, the order of decreasing thermal stability is: 
RCu, RAg, RAu. This is apparently just the opposite of the ord(!r of 
increasing relative reactivities toward common fumdlonal groups. 
Some of the compounds de(^omposo explosively, and nibbing of a very 
small sample of dry phcnylsilver n\sults in a vioh'nt detonation. 

There are threii other types of organogold compounds: RAuXo, 
R2AUX, and R3AU. Of th('s(!, the RoAuX comiiounds are most 
stable; they arc generally best prejiared in ('tlier by the following 
reaction. 

AuBrs + 2 RLi RoAiiP.r + 2 LiBr 
The R3AU types can be i)re]iared in ether at very low ti'mperaturcs. 

(CH..,)2AuBr + CHabi -> (CIIalsAu + LiBr 

The thermally labile Irimethylgold can be stabilized by forming a 
complex with cthylenediamiiKi or with a-aniinopyridinc. As general 
rules, arylmiitallic compounds are mori' stable than alkylmetallic com- 
pounds, and methylnietallic comjxiunds ai e more thermally stable than 
other alkyl types. 

The high instability of the cop]X'r, silver, and gold compounds may 
account for some transformations. First, a satisfactory procedure for 
the formation of R-R compounds is to treat an RMgX compound with 
copper or silver salts.'^ Undoubtedly, in such leactions the RM 
compound is first formed and then decomposes to R-R and metal. 
Second, small quantities of copper halides accekn-ate reaction of the 
Grignard reagent with RX compounds and with nitriles.'^® It is 
possible that in such reactions the thermolabik> organocopper compounds 
decompose; to copper and fre-e radicals, and that the latter may function 
catalytjf;ally by setting up chain reaedions.®*’ Thermal decompo- 


Brain and Gibaon, ('hern, y^oc,, 702 (BKiO). 

Gardner and BoiRstroni, J. Aw. Chew. Soc., 61, 3375 (1929); Gilman and Parker, 
ibid., 46. 2823 (1924) ; Daiiehy and Nieuwland, ibid., 68, 1009 (193()) ; Joseph and Gardner, 
J. Org. Chew., 6, 01 (1940). 

Danehy, Killian, and Nieuwland, J. Am. Chew, i^oc., 68, 011 (1930); Linn and 
Nollor, ibid., 58 , 810 (1930). 

Gilman, St. John, St. John, and Lich ten waiter, Rcc. trav. chim., 55, 577 (1930). 

(o) Kharasch and eo-workcrs, J. Ayn. Chem. S(»c., 63, 2305, 2308, 2315, 2316 (1941). 
(6) Bickley and Gardner, J. Org. Chem., 6. 126 (1940) ; Gilman and Jones, J. Am. Chem. 
Soc., 62 , 2357 (1940). 
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sition of RM compounds in the presence of a solvent is not a simple 
reaction, and it may or may not involve free radicals.’®* Catalytic 
quantities of some metallic halides like cuprous chloride have recently 
been shown by Jvharasch and co-workers ’®® to exert a pronounced 
effect on the course of some Grignard reactions. Third, the inability of 
free radicals to pick up gold mirrors may be due to the uncommon 
thermal instability of orgjuiogold compounds. An ingenious indirect 
application of this idea was used in some free-radi(!al studies. Neither 
methyl nor ethyl radicals would pick up beryllium deposited on quartz, 
possibly because of the beryllium reac-ting with the quartz. Accordingly, 
beryllium was first deposited on gold and then dimcthylberyllium and 
diethylberyllium were formed from methyl and ethyl radicals, respec- 
tively.” Fourth, there is a possibility that organocopper compounds 
are intermediates in the Ullmann reaction, which involves coupling by 
heating an aryl halogen compound with copper. 

2o-N02C6H4Rr (>-N02C6H4— C 6 H 4 NO 2-0 

From such a viewpoint the Ullmann reaction may be related to the 
Wurtz-Fittig reaction. The syntheses of diaryl amiiu's and diaryl eth(?rs 
from reaction of aryl halides with aryl amines and with salts of ph(mols, 
respectively, do not involve intermediate oi’ganocopptT compounds.’®" 
It is probable! that organometallic compounds an; form(!d transi- 
torily whc'u metals are used as catalysts in the! decomposition of RM 
comj)ounds to R~R compounds. The de'e!reasing order e)f effectiveness 
of some me'tals in e!e)n verting diphenylmercury to eiiphenyl is: Pd, Pt,, 
Ag, Au, Co, Cu, Fe, Zn ; and the decreasing order for the decomposition 
of dibenzylmercury is: Pd, Pt, Ag, Au, Cu, Zn, P>, Co.’®* 

Photochemical Activation. Light has a marked accelerating effect 
on the rate of preparation of phenylsilver from phenylmagnesium 
bromide and silver bromide*. Perhaps the! first example of photoche!mie*al 
activation in the preparation of RM compounds was F'rankland’s ®® 
study of the reaction of tin and ethyl iodide. It is kne)wn that light also 
accelerates the formation "of some organomcrcury compounds: methyl- 
mercuric iodide from methyl iodiele and mercury, and be!nzylme!rcuric 
iodide from benzyl iodide and mere!ury. Also, ultra-violet light accele!r- 
ates the formation of some organomagnesium iodides. The mechanism 
of activation in these and other preparations of RM compounds may 

Paiieth and Loleit, J. Chem. Soc., 366 (1935). 

Ullmann and co-workers, Ber,, 34 , 2174, 3802 (1901). 

(a) Weston and Adkins, J, Am, Chem. Soc., 60, 859 (1928). (5) Rasuvaev and 

Koton, Ber.t 66, 854 (1933) ; Koton, Ber., 66, 1213 (1933). Seo, also, Hodgson and Elliott, 
J. (Item. Soc., 123 (1937). 

Frankland, Ann., 86. 329 (1853) 
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not be alike. With organomercurials, there may be first a photochemical 
decomposition of mercurous iodide: Hg 2 l 2 Hg + Hgl 2 . Then the 
very finely divided mercury acts upon the RI compound to give RIIgI.“ 
Apparently, the organic iodides ai-e most responsive to photofbomical 
activations concerned with the preparation of organometallic com- 
pounds. 

GROUP n. A-FAMILY 
[Be, Mg, Ca, Sr, Ba, Ra] 

Organoberylliura compounds arc best prepared from beryllium chlo- 
ride and the Grignard reagent. 

BeCla + 2RMgX -» R.Be + MgX- MgCl.> 

Dimethylberyllium crystallizes in white nt'cidles, and the low-molecular- 
weight dialkylberyllium compounds arc' volatile and inflammable. I'he 
R 2 Be compounds and beryllium chloride give RBciCl, and an equi- 
librium like that with Grignard reagcuits is established. 

R^Be -b BcCl, ?:r> 2RBeCl 

In general, the organoberyllium compounds show the reactions of 
Grignard reagents, but at a slower ratc;.’*^ 

Organoberyllium and organomagnesium compounds are best set 
apart from the other RM compounds derived from alkaline-earth metals. 
P’or example, the oi'ganocalcium comi)ounds not only react more readily 
than the corresponding RMgX compounds but also they occasionally 
show different reactions. A significantly different reaction is obscawed 
with some conjugated systems. As a rule, organoberyllium compounds 
and Grignard reagents add 1,4 to the conjugated system in a compound 
like benzalacetophenone.‘^®“’ Grganocalcium compounds add 1,2 to 
the carbonyl linkage (p. 511). 

The 1,2-addition to the carbonyl group of a conjugated system is 
characteristic of the more reactive RM types like the organolithium com- 
pounds. It is not surprising, therefore, to observe that, although 
plnmylmagnesium bromide adds 1,4 to the lateral-nuclear conjugated 
system in benzophenone-anil, phenyllithium, -sodium, -potassium, and 
phenyl calcium iodide add 1,2 to give triphenylmethylaniline.-®® 

(C6H6).,C=NC6H6-1- (CeHslaCNHCsHB 

« Maynard. J. Am. Chent. Soc., 64, 2108 (1932). 

Gilman and Schulze, ibid., 49, 2904 (1927); /. Chern. Soc., 2003 (1927). 

A particularly interesting exception is descrilxid by Smith and Hanson, J. Am 
Chem. Soc., 67 , 1320 (1935) ; Stovons, ibid., 67 , 1112 (1935). 
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This is one of several illustrations which warrant the consideration of 
organocalcium compounds with the organoalkali compounds rather than 
with the Grignard reagents.®^ Another is the reaction with azoben- 
zene.^®*’ (p. 512). 

Incidentally, the definitely unlike type of addition of organolithium 
and -calcium comjiounds to conjugated systems makes it possible to 
estabhsh the interchange of metals in some RM reactions. For example, 
it has been postulated that a less reactive RM compound can be pre- 
pared from a more reactive RM compound and the halide of a metal 
which can form a less reactive organometallic compound. On such a 
basis one would expect the follomng transformations. 


CoIlBbi + Mglo CelRMgl + Lil 
CfillBCal -b MgTj ^ CelRMgl + CaR 

There is no convenient way for isolating the phenylmagnesium iodide 
from such rcadions. However, isolation is not necessary if the phenyl- 
magnesium iodide can be definitely characterized. The rcacition of the 
resulting mixtures with benzalacetophenoiu^ provides a miians for estab- 
lishing the formation of phenylmagnesium iodide. Whi'ii benzalaci'to- 
phenone is added to either reaction mixture only the 1,4-addition 
product is isolated, and none of the 1,2-addition product characteristic 
of RLi and RCal comiiounds is obtained. Recently,®' (lolor test II has 
be(!n used to estabhsh the convi^nsion of phenyllithium to phenyl- 
magnesium iodide by means of magne.sium iodide. 

Relatively little work has been reported on organostrontium and 
organobarium compounds. However, from available, information the.se 
RM types are of a relatively high order of reactivity which warrants 
their consideration with organoalkali compounds rathc'r than with 
Grignard reagents. It is po.ssible to arrive at their probable reactivitiivs 
by an indirect procedure. 1,1-Diphenylethylene adds alkali metals in 
liquid ammonia to give organoalkali compounds which when hydrolyzed 
yield 1,1-diphenylethane and 1,1,4,4-tetraphenylbutane.®® 


(C6ll6)2C=CIl2+2Na 


CelldsC-CHj + (CelHl^CCIIsCIbCtCellt) 

III III 


i 


NaNa 
:C,H6)2CHCH3 


N 


a 


Na 


(C.Il6)2CHCH!,CH2CH(C,IId2 


In general, it may be stated that where there is a 1,4-addition or a 
dimerizing addition of a metal to 1,1-diphenylethylcne to give 1, 1,4,4- 
tetraphenylbutane an RM compound of that metal will add to an 

** Gilman, Kirby, Lifhtcnwalter, and Young, Rcc. Iran, chim., 56, 79 (1930). 

** Wooster and Ryan, J. Am. Chem. Soc., 66, 1133 (1934). 
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olefinic linkage. This is definitely true of organoalkali compounds 
like those of lithium and sodium. Under corrasponding conditions, 
calcium, strontium, and barium behave like hthium and sodium toward 
1,1-diphenylethylene in liquid ammonia. From this one may conclude 
that RM compounds of calcium, strontium, and barium are sufficiently 
reactive to add to an olefinic linkage.*® 

GROUP n. B-FAMILY 
[Zn, Cd, Hg] 

Zinc. Alkylzinc compounds were the first organomctallic com- 
pounds prepared. Their synthesis is readily effected by the action of 
zinc on an alkyl iodide or on a mixture of alkyl iodide and bromide.*’ 

CsHbI + Zn -> CsHfiZnl 

The alkylzinc halides when heated give the R 2 Zn compound, 

2 C 2 llBZnI (CsIIfiliZn + Znh 

and the reaction can be reversed. The arylzinc halides are best prepared 
from the Grignard reagent, 

CelRMgX -I- ZnX2 ^ CeHBZnX + MgXa 
and the diary Izinc compounds from the mercjurials.** 

(p-Cn3C6ll4)2ng + Zn -> (/>CH.-,C 6 ll 4 ) 2 Zn + Hg 

For a long time, the organozinc compounds Avere list'd lixti'usively for 
the synthesis of other RM compounds and for the iireiiaralion of ketones 
from acid chlorides, 

RCOCl -t- R' 2 Zn (or R'ZnX) RCOR' + ZnXz 

particularly by Blaise and co-workers.** Latterly, however, they have 
been largely siqierseded by other organometallics, particularly by the 
Grignard reagents and organocadmium compounds. This has been due 
to the ease of preparation and manipulation of other RM compounds 
which arc less inflammable and give better yields of products. 

Perhaps the only two present significant applications of the organo- 
zinc compounds are reaction with tertiary halides,*’ 

2(CH3)3CC1 -t- (C2ll6)2Zn -> 2 (CII 3 ) 3 CC 2 IIb + ZnCh 

•• Gilman and Bailie, J. Org. Cheni., 2 , 84 (1937). 

Noller, J. Am. Chem. Soc., 61 , 594 (1929). 

Kocheshkov, Nesmeyanov, and Potroaov, Bcr., 67, 1138 (1934). 

Blaise, liuU. soc. chim., 14] 9 , 1-XXVl (1911). 
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and the Reformatsky reaction,®* which probably proceeds by way of an 
organozinc compound. 

(CHs) 2 C =0 + BrCIIaCOaCjHB — > (CHalaC— CH2CO2C2H5 > 

I 

OZnBr 

(CH3)2CCH2C02C2Hb 

I 

OH 

Organozinc compounds are probably formed as intermediates in some 
other reactions which j)ro(!eed skipwise or by piogressive substitution ®i 
and not by the simultaneous removal of two halogens by zinc. 

CHoBrCOBr + Zn CIl..(ZuBr)COBr Cri2=C=0 + ZnBra 
BrCHiCHoCIIaBr + Zn -* (BrZnlC^HoCTTsCTTaBr -> (CITala + ZnBra 

The organozinc compounds n^acit less rapidly than the Grignard 
reagents, and this le.sser reactivity is reflected in the use of a carbon 
dioxide atmosphere for the early manipulation of the inflammable dial- 
kylzincs, and th('. reaction with acid halides to give ketoiu's rather than 
any significant quantity of l,('rtiary alcohol. In general, tin; organozinc 
compounds not only show the same types of niactions characteristic of 
Grignard reagents, but the sam(‘ general ord(!r of activity with selected 
functional groups (p. dOl). For exami)l(', the niative order of decreasing 
reactivity of some functional groups in th(ir n'actions with Ji 2 Zn 
compounds is: — CHO > — COCells > — C=N.®-“ 

Cadmium. The organocadmiurn compounds are best prepared from 
anhydrous cadmium chloride and the Giignai’d reag(!nt, and the RCdX 
or R 2 Cd compounds so formed need not be isolated but can be used 
directly as can RMgX compounds. 'They are less reactive than the 
organozinc compounds and like the organozinc and RMgX compounds 
add in a normal manner to the reactive carbonyl group in benzaldrihyde. 
Accordingly, a slowly devciloped color test is to be expected with 
Michler’s ketone, and the time required for a color test illustrates strik- 
the relative reactivities of the organozinc, -cadmium, and -mercury 
compounds. Under (jorresixrnding conditions, the time required for a 
color test with diethylzinc is 27.5 hours; with diethylcadmium, 100 
hours; and with diethylmercury, in excess of 1000 hours.*® 

““Reformatsky, Ber., 20 , 1210 (1887); NitMiwlaiid and DaJy, J. Am. Cficni. Soc., 63 . 
1842 (1931). 

Michael and Carlson, J, Am. Chem. Soc., 68, 353 (1936). 

(a) Gilman and Marple, Rec. trav. chim., 66, 133 (1936). (6) do Bonneville, J. Org 
Chem,, 6 , 462, (1941). 
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This relatively slow rate of addition of diethylcadmium to the car- 
bonyl linkage indicates that organocadmium compounds might react 
satisfactorily with acid chlorides to give ketones, and that reaction 
would be arrested at ketone formation. Actually this happens, and 
organocadmium compounds are now some of the r(!agents of choice for 
the formation of ketones from an acid chloride or an acid anhydride and 
an RM comix)und.®®’ 

Mercury. The; history of organozinc and organomcrcury com- 
pounds rev(^als in a striking manner how the emphasis on particular 
organom(dallic type's has shiftc'd. TIm^ zinc and mercury compounds 
were not only among the first organ orneitallic compounds to be discov- 
ered, but tliey W(!re early de^voloire'd in so sucra'ssful a manner that for 
a long time thtiy dominated the field of organometallic compounds. 
Thriir extt'iisive'. applieal,ions as tools for syntheses included the^ pn'p- 
aration from them of many other RM compounds. Today, they not 
only have; a highly restrict ('d use for the ])r('paration of other organo- 
metallic compounds, but are ar^t.ually b(?st prepar'ed, generally, by means 
of other RM compounds, irai ticulaily tin; Grignard reagents. 

RMgX + HgXa llHgX 

2RMgX -f HgX., R Jig 


Thei'(! arc numerous methods for the pi'r'paration of mercurials, and, 
in g('iu']'al, they can b(' fornu'd whei-ever air easily n'plaer'd hydi’ogen 
atom is availabk; or wla'i-e a grr'up is readily r('plac(‘d by a hydrogen 
atom. 


RH + HgX, 


-TIX 


— HX 


-11 X 


C()2 


RCO JI -f TIgXo 


RB(OH), + llgX, — 

— 142^ >3 


RHgX 


-2CuX 

RNaX + TIgX, -t- 2Cu 


RSO2I1 "f" rigX 2 


-IIX 


~-MgX2 


Tnigx + ngX2 


Obviously, siiK^o organomercui’ials are ck'aved by niiiKTal acids the 
latter must be removed in order to effect reaction. 

Incidentally, the several methods for the i)reparation of organo- 
mercurials illustrate an applicant ion of mercuilals as derivatives for the 
characterization of less stable' or l(\ss de'finitive types. A more restrictc'd 
application of mercurials as derivatives dej^ends on the addition of a 
basic mercuric salt to ethylenes and acetylenOvS.^^® This reaction may 


(a) Wright, J. Am, Chem. Soc„ 67 , 1993 (1935) ; Nosmeyanov and Freidlina, Ber., 69 , 
1631 (1936). See, also, Connor and Van Canipen, J, Am, Chem, Soc,, 68, 1131 (1936), for 
the use of mercuric (diloridc in a general test for methylene compounds. (5) Brown and 
Wright, ibid,, 62 , 1991 (1940). 
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be of possible diagnostic value in differentiating cis and irans isomers 
by the rates of formation of some mercurials.**** 

RCH=CHR + Hg(X)(OCH3) RCH(OCIT.,)CH(HgX)R 

HgX 

RCs=CR + 2Hg(X)(OIT) RC CR -> RCCHaR 

/\ I II 

OH OH HgX 0 

The reaction with acetylenes is exemplified by the industrial conversion 
of acetylene to acetaldehyde. 

Organomercurials are the hiast active organometallic compounds in 
the first two groups, and this is n'flcicled in the; fact that they are the 
only organometallics in the fii-st two groups w'hich can be manipulated 
in water and other hydroxylated solvents. The only unsaturated func- 
tional grouj) to which they add after the manner of reactive RM types 
is the carbonyl group in a highly reactive compound like ketene or, 
very slowly, with Miehlei’s ketone. 

H2C=C==0 + CcIRHgBr — H,C=-C— O— HgBr -> lhC=C— OH Il3CC=0 

iellb icllb 

The same njaction, of coiirse, occurs with organozinc and organo- 
cadmium compounds, the organozinc comi)ounds reacting most smoothly 
to give the highest jiclds of methyl ketones. As a rule, ketones are 
formed with difficulty from mercurials and acid halides, which is in 
sharp contrast with tlui related r('a<i.ions of the zinc and cadmium com- 
pounds. Likewise, RX compounds undergo highly restricted meta- 
thetical reactions with organ omeixuxry compounds. 

However, the halogens (particularly iodin(') react smoothly.®® 

RllgX + I 2 R1 -t- HgXI 

Also, the nitro and nitroso groups can be introduced. ***“ 

RllgX -f NOCl RNO -1- HgXCl 

A related reaction, in which nitroso compounds may be intermediates, 
is the formation of diazonium nitrates by interaction of N2O3 and 
N2O4 with R2Hg and a variety of other RM compounds.®*® These aie 
some of the more important replacement reactions of arylmercurials. 

Hurd, Jones, and Blunck, J. Am. Che.m. Soc., 67 , 2033 (193,5). Hurd and Roe, ibid., 
61 , 3355 (1939), observed no reaction between ketene and tetraethyllead. 

Whitmore and Thorpe, ibid., 66, 782 (1933). See, also, Whitmore, “Organic C"om- 
pounds of Mercury,” Chemical Catalog Co., New York (1921), pp. 67-73. 

(a) Smith and Taylor, Am, Chem. Soc., 67 , 2460 (1935). (5) Makarova and Nes- 
meyanov, J. Gen. Chem. (U.S.S.R.), 9, 771 (1939) [C. A., 34, 391 (1940)]. 
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Some other reactions of mercurials have already been considered, 
like the preparation of organoalkali compounds and the cleavage of 
unsymmetrical mercurials by acids. 

Inasmuch as mercuration of aromatic nuclei is not only a relatively 
mild reaction compared with nitration and bromination, but also loads 
som(5tim(!s to substitution in otherwise inaccessible positions, mercura- 
tion finds its(!lf peculiarly adapted for many aromatic synthes(^s. A 
striking illustration of the relative ease of mercuration is found with 
dimethyl furan-2,.5-dicarboxylate. This compound is inordinately 
r(\sistant to typical nuclear substitution reactions like nitration, sulfona- 
tion, bromination, and the Friedel-Crafts reaction ; however, mercuration 
replaces j3-hydrogens. 

O Hk(OAc) 2 j .HgOAc AcOHg. .HgOAo 

CO2CII3 ^ ClUOAV^jJcO^CIU CHsO^ckQjcOjCIU 


Inasmuch as o'-hydroi^eiis in furan underg;o prompt and smooth nu(;lcar 
substitution reactions it is not surprisirif]^ to find that furan is mercurated 
almost instantaneously at room temperature. 



IIg(0Ac)2 
> 



lIl^OAc 


+ 


AcOHpJ 




llgOAc 


The gi'iieral equilibrium between mixed and simple organometallic; 
compounds is obs('rvable with mercurials. 

21UlgX lb>llg + HgXs 

Any reagent which removes mercui-ic salt from the zone of reaction will 
shift the equilibrium to the right, and this is accomplished chiefly by 
reducing agents such as sodium, stannous chloride, sodium thiosulfate, 
and hydrazine. 

In the Zn-Cd-Hg seri(\s, th(^ thermal stabiliti(\s of the organomet allies 
apparently decrease with increase in atomic*, weight, as in the adjoining 
Cu-Ag-Au sc'ries in tlu^ B-Family of Groiij) I. However, the order is 
reversed with reactions like oxidation and cleavage by active hydrogen 
compounds: the organozinc compounds are most inflammabki and most 
readily cleaved by water or other reagents having acidic hydrogens. 
The high inflammability of organozincs and the high toxicity of organo- 
mc'rcairials havc^ nec(\ssitated sjiecial maniiiulative procedures which, 
in turn, have (aicouragcd tlu^ greater dc'velopment of other organo- 
metallics. However, it should be emphasized that convenience in 
manipulation may be secondary in importance to inherent differences 
in chemical reactivity which warrant the use of one RM type rather 
than another. We need only recall that the highly reactive organoalkali 
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compounds were extensively developed despite the early need of special 
apparatus and technique. The matter of toxicity is also to be weighed 
against other properties. Numerous RM types are toxic, and, although 
mercurials are more toxic than many other RM compounds, it is possible 
by the proper introduction of substituents to get mercurials of hi g h 
therapeutic value. 

GROUP m. A-FAMILY 
[B, Al, Sc, Y, La, Ac] 

Boron. The trialkyl- and triarylboron compounds arc best pre- 
pared from boron trifluoride and the Grignard reagent.®^ 

3RMgX + BF 3 RjB -h MgXa 

It has been shown recently that the R3B comi)ounds actually undergo 
typical organometallic addition reactions to the (iarbonyl group in such 
compounds as Ixuizaldchydc and phenyl isocyanate.®* This suggests 
that boron partakes more of the nature of a mc'tal than a metalloid, and 
is corroboratory evidence for th(> metallicity of boron. IIowev('r, such 
addition reactions are slow, and direct comparisons with related zinc 
and aluminum compounds show that the ord(!r of relative reactivities is: 


R 3 AI > R 3 B > RoZn 


In such reactions, only two of the R groups arc- involv('d under cus- 
tomary conditions, and one of the products is a monosubstituted boric 
acid, RB(0H)2. The.s(! organic bori(^ acids an^ quite stabk', and actu- 
ally phenylboric acid can be nitrated by m(;ans of fuming nitric acid to 
give the three isomeric nitrophenylboric acids [N02(\iH4B(0H)2], with- 
out any significant cleavage of the phenyl-boron linkage.®® 

The disubstituted boric acids, R2BOH, which are solids like the 
monosubstituted boric acids, indicate the relative inertness of organo- 
boron compounds, for hero, too, a given mol(K‘ule contains not only the 
organometallic linkage (carbon-boron) but also tlu; active hydrogen 
present in the hydroxyl group. In general, it ap])('ars that organoboi-on 
compounds may be anomalous with respect to ckiavage by active; or 
acidic hydrogen, for the simple trialkylboron compounds arc spontaiu;- 
ously inflammable and yet uncommonly resistant to the action of wat(;r 

Krause and Nitsche, Ber., 55, 1261 (1922). 

Gilman and Marple, Rcc. trav. chim.y 55, 76, 133 (1936). 

Seaman and Johnson, J. Am. (Jhern. Soc., 53, 711 (1931); Ainlcy and (Jiallenj?er 
J. Chem. Soc., 2171 (1930). See, also, Bettman, Branch, and Yabroff, J. Am. Chem. Sue. 
66, 1865 (1934), for the dissociation constants of substituted phenylboric acids. 
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and alcohol. Trimethylboron is the only known gaseous organometallic 
compound. 

Trialkylboron and triarylboron compounds form addition compounds 
with nitrogen bases like ammonia and a wide variety of amines to give 
ammines. 

RsB + NHa RsB-NHs 

A related reac^tion is observed with sodium. 

(C6n6)3B + Na (C6H6)3B-Na 

and on the basis of this and other evidence it has been suggested that 
triarylboron compounds might be considered as free radicals, analogous 
to triarylmethyls. Both triphenylboron and triphenylmethyl add 
sodium from dilute amalgam, and in both cases the sodium is removed 
by mercury. Tri-a-naphthylboron adds two atoms of sodium, and 
the second atom is held much less firmly than the first. 

Aluminum. Trialkylaluminum compounds are prepared from 
aluminum chloiidc^ and the Grignard reagent; and triarylaluminum 
compounds from aluminum and the mercurials. The mixed organo- 
aluminum compounds are conv(mienlly prepared by direct interaction 
of aluminum with some RX compounds.^®’" 

RX + A1 RoAlX + RAIX2 

The organoaluminum compounds either fume or are spontaneously 
inflammal)Ie. They undcu'go many of the reactions of Grignard n^agents, 
but at a sl()W(^r raU^. Like the corresponding boron and zinc; compounds 
they react with typical functional groups at rates whi(!h place the func- 
tional groups in an order of relative reactivities like that established 
with Grignard reagents: — CHO > — COCgHs > — 

However, mixed organoaluminum etherates react with ketones to 
give highly condensed })roducts. This raises a question concerning the 
internu'diate formation of organoaluminum compounds in the Friedel- 
Crafts reaction. It was originally suggested by Friedel and Crafts that 
the reactions which later came to bear theur name proceed by way of 
organoaluminum compounds.^®-® It is possible, under drastic condi- 

100 Dorfrnan, J. Am. Chem. Sac., 67 , 1259 (1935) ; Krause and co-workers, 

Her., 69 , 777 (192()) ; Ber., 63 , 2347 (1930). 

(a) Hnizda and Kraus, Am. Chem. Soc., 60 , 2276 (1938); Gilman and Apperson, 
J. Org. Chem., 4 , 162 (1939); Grosso and Mavity, ibid., 6 , 106 (1939). (6) Gilman and 

Marplo, Rcc. irav. chim., 66 , 133 (1936). 

(a) Friedel and Grafts, Ann. chim. phya., [6] 14 , 433 (1888). (5) Pace, Atti accad 

Lhicei, 10 , 193 (1929) [C. A., 24 , 1300 (1930)]. 
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tions, to effect the following reaction between boron trichloride and 
benzene. 

Cello + BCI3 C6H5BCI2 + HCl 

However, even if it be granted that the related aluminum chloride will 
react in an analogous manne^r and under the relatively moderate condi- 
tions existing in a Fricdel-Crafts reaction, it is still necessary to consider 
the relative n^activities of mixed compounds like IIAICI 2 and R 2 AICI. 
Confining attention to the two most important Fric^del-Crafts reactions, 
ketone formation and alkylation, i)r(is('nt evidence is inadequate to rule 
out the participation of intermediate organoaluminum compounds if 
such organomc'tallic compounds arc formed. Complexes betwe^en 
ketones and aluminum chlorid(i do not giv(^ condc'iisation products when 
treated with organoaluminum halides under moderate conditions, and 
the ketones are re(U)vered upon hydrolysis. Furth('rmore, highly satis- 
factory yields of kcitones and k(ito acids an', ol)tained by interaction of 
ether-free organoaluminum halides with acid chlorides or acid anhy- 
drides. 

In alkylation reactions, etherat('s of i)henylaluminum iodides 
and alkyl iodidt^s yield small quantities of homologs of benzene togc^ther 
with large amounts of resins.^®^ However, when ether-free organo- 
aluminum halidc^s are used, the homologs of l)eiizene an^ obtained in 
satisfactory yie'lds with no n^sin formation. 

Scandium, Yttrium, and Lanthanum. Tric'thylscandium and tri- 
ethylyttrium have been prepared from the metallic chlorides and (?thyl- 
magnesium bromide. These organ ometa 11 ic (‘omj)ounds have b('en 
described as liquids wdiich oxidiz(5 readily and are dcicomposed promptly 
by water.^®^ 

Free alkyl radicals havci been showm to react rc'adily with lan- 
thanum by the Paneth technique. This indicates that a compound 
like trimethy] lanthanum may have been pre^pared, even though then^ 
is no present information concerning its properties. 

liCone and ro-workers, Gazz. chim. 56 , 294, 301, 300 (1925). 

Piets, (Umipt. rend. acad. sci. ll.R.S.S., 20 , 27 (1938) [C. A., 33 , 2105 (1939)]. 

106 Kioe and Rice, “The Aliphatic Free Radicals,” The Johns Hopkins Press, Baltimore 
(1935), p. 58. 
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GROUP in. B-FAMILY 

[Ga,In,Tl] 

The R3M types of gallium,*®® indium,’®^ and thallium*®* arc generally 
prepared by reaction of the metal Avith a mercurial or by interaction 
of the halide salt Avith RMgX or RLi compounds. 

In general, these compounds are of moderate reactivity, but h'ss 
reactive than the Grignard rcag('nt. For example, they react Avith 
benzaldehyde, b(mzalac(dophenone, and benzoyl chlorides, but not Avith 
benzonitrile. As eAudemee of their mod(Tate reactivity they undergo 
1,4-addition, but no 1,2-addition, Avith bcmzalacetophenone (p. 511). 
Also like other modc'rab'ly reactive RM compounds, they react more 
promptly Avith bcmzoyl (ihloride than with benzophenone (p. 501). 
Although only one phcaiyl group in triphenyl thallium reacts under 
(mstomary conditions, all three groups in RsGa and Rsin compounds 
are- involved with som(' reactants. In this latter connection it is of 
interest that diphenylindium iodide and phenjdindium diiodide react 
with benzoyl chloride.*"''® 

The following order of decreasing reactivities has been estab- 
lished: *««®' *"’“• *®*® Ihdn, RnGa, R 3 TI. 

Thiee incidental r(^a(^tions aie notcAvorthy. First, both triphenyl- 
thallium and diphenylthallium bromide react AA'ith metallic mercury 
to giA'c dij)henylmercury.*"*“ '^FIm^sc; metal-rei)laeement reactions, Avhich 
an^ i)robably ciquilibria, are inb'n'sting bi'cause of the ready formation 
of a l('ss reactiA'c RM' compound (dii)h('ny]mercury) from an RM 
compound and a mtital. S(;cond, a i)rompt metal-metal intercou version 
occurs between tri phenyl thallium and ?(-butyllithium.*“® 

(CcHbIsTI -b Sn-CdlaLi 3C6n6Li + (/i-C4ll9)3Tl 

Third, triphenylthallium is convei'tc'd in a boiling xylene solution 
to phenylthallium and biphenyl.*"® 

(CellfilaTI CelRTl-b CcHb CbHb 

This phenylthallium is actually more lA'actiAa* than triphenylindium 
and decidedly more reactive than triphenylthallium, but less reactiA^e 

(a) (lilmiin and Jones, J . Am. Chem. Soc., 62 , 980 (1940). {h) Dennis and Patnode, 
ibid., 64 , 182 (19;i2); Kraus and Toonder, ibid., 65 , 3547 (1933); Kciiwaiiz, Bcr., 65 , 1308 
(1932). 

(a) Gilman and Jones, J. ylw. Chetn. Soc., 62 , 2353 (1940). (5) Dennis, Work, 

Kotihow, and (Jiarnot, ibid., 66 , 1047 (1934) ; Sehiiinb and Crane, ibid., 60 , 300 (1938). 

(a) Gilman and Jones, ibid., 61 , 1513 (1939). (/>) Groll, ibid., 62 , 2998 (1930) 

Meiizies and Cope, J . Cficm. Soc., 2802 (1932) ; Birch, ibid., 1132 (1934). 

Gilman and Jones, J. Am. Chem. Soc., 62 , 2357 (1940). 
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than a Grignard reagent like phenylmagnesium bromide. In the 
absence of a reactant, the transitorily formed phenylthallium is readily 
converted to triphenylthallium and metallic thallium, probably by way 
of diphenylthallium. 

GCeHsTl 3T1 + 3(C61 Ib)2T1 -» T1 + 2(C6Hb)3T1 

Coordination Compounds (p. 1879). Organogallium compounds are 
peculiarly appropriate for illustrating some effects of coordination com- 
pounds in organometallic chemistry. The simple tiiethylgallium 
[(C2H5)3Ga] reacts violently with water; the etherate [(C2H5)3Ga- 
(C2H5)20] vigorously; and the ammine [(C2H5)3Ga-NH3] only very 
slowly.^®®'’ 

Triphenylgallium only gives a Michler’s ketone color tc'st when an 
excess of the RM compound is healed in a Iwaizene solution with the 
ketone. The color which develops is much weaker than that obs('rved 
with the related trii)henylthallium, which is less i)ronc to form co- 
ordinate linkages. 

Varying coordination effecis of solvents may influences jsrofoundly 
the relative reactivities of RM compounds. For example, an ('ther 
solution of Michler’s ketone with one; (‘quivak'iit of phenylmagne'sium 
bromide regenerates most of the ketone on hydrolysis."®"’ ® llowevesr, 
when benzene is used as the; nusdium, there is less tendency for coordi- 
nation formation, and addition to the carbonyl groiq) to give a carbinol 
is pronounced. Phenyllithium, which is distinctly more leactivc^ than 
phenylmagnesium bromide, has very little tendency to form coordina- 
tion linkages. Actually, i^henyllithium reacts i)romi)tly with Michler’s 
ketone, in either benzene or ether, and none of the k(itone is recovered 
on hydrolysis. 

Several broad generalizations can be made concerning coordination 
compounds in organometallic chemistry. First, the slow reaction or 
the essential absence of reaction between some carbonyl-containing 
compounds (like ketones and esters) and moderately reactive RM 
compounds is due in jjart to the formation of coordination compounds. 
Second, the less reactive RM compounds have a gema-ally greatcu- 
tendency to form coordinate coni])ounds. Third, the variations in the 
order of reactivities of some functional groups (p. 501) with diffeu’ent 
RM compounds may find an explanation in the varying stabilities of 
coordination comjjounds. Fourth, the gcuierally greater reducing action 
of moderately and less active RM compounds may be due, in part, 

(a) Gilman and Jones, ibid., 62 , 1243 (1940); 63 , 1162 (1941). {b) Pfeiffer and 

Blank, /. praki. Chem., 153 , 242 (1939). See, also, Shriiier and Sharp, J. Org, Chem,y 4 , 
575 (1939). 
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to the greater tendency of such compounds to form coordinate linkages. 
Fifth, solvents can markedly influence RM reactions as a consequence 
of varying coordination tendencies. 


GROUP IV. A-FAMILY 

[Ti, Zr, Hf, Th] 

Numeroxis attempts hav(‘ been made to prepare organotitanium and 
organozireonium compounds, but without unequivocal success.”' 
Titanium and zir(‘onium chlorid('s are n'duced to lower halidcis, and 
possibly to the metals, in reactions with RMgX and RLi compounds. 
Jn these reactions, the R groups may couple; disproportionate to give 
R + H and R — H compounds; or abstract hydrogen from the solvent 
to give RII compo\inds. The nature of the R group has a marked 
influence, phenyl radicals giving i)redominantly biphenyl, and methyl 
radicals almost exclusively methane.'®* 


GROUP IV. B-FAMILY 
[Ge, Sn, Pb] 

Germanium. In 1871 Mendel6efT predicted that ekasilicon (ger- 
manium) would form ^■olatiic organom(;t,allic compounds such as the 
t.ctra('thyl derivatives This was verific'd in 1886 by Winkler, who dis- 
covert'd geumanium. During an inb'rval of about foi ty years practi- 
cally nothing was done with these organometallic compounds, but 
more recemtly the fie'ld has been enriched, particularly as a consequence 
of the studies by Morgan and Dennis and Jvraus. 

The sim])le orgarH)germanium compounds are best prepared by 
interaction of germanium tetrachloride with either the Grignard reagents 
or organozinc compounds. Two special methods of prepai’ation are 
noteworthy. One is direct mctalation of amines which undergo facile 
nuclear substitution. 

2(C2ll5)aNC6n6 + 2GeCl4 [(C2H6)2NC6H4Ge0]20 

The other is an interesting reaction which has also been used for organo- 
tin and organolead compounds.”* 

[Ge+^Cl 3 ]-Cs+ + RI RGeCls + Csl 

Paterno and Peratoner, Bcr., 22 , 407 (1889) ; liazuvaev and Bogdanov, J. Ocn 
Chem. (U.S.SM.), 3 , 307 (1933) [C. .4., 28 , 2340 (1934)] ; Piets, ihuL, 8 , 1298 (1938) [C, A, 
33 , 4193 (1939)]. 

Pfhakirian and Lewinsohn, Ann. chim., 12 , 416 (1939). 
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In this reaction, it is essential that the metal in combination with 
halogen does not have its maximum (dectrovakmce and that it can in 
addition form a complex with alkali halides. 

There is a regular gi-adation in properties of the compounds having 
R groups attached to carbon, silicon, germanium, tin, and lead. First, 
the thermal stabilities decrease so that organolead compounds are the 
least stable thermally. Second, tht; tendency to form large molecules 
with the central element joined directly to itself dcicreascs in the same 
order. A compound having six germanium atoms has been prepared as 
follows, 

CfiHsGeCls -j- R — > • — Go =Ge ~G c • —Go Go — Ge — 

I I I I I I 

Cells CeHe Cells Cells Cells Cells 

the terminal valences not being united to give hexaplw'njdgc'rmano- 
benzene, as was supi)osed oiiginally."* Third, the tendency to form 
mix(‘d hydridf's like RMHa, R2Mn2, and R.jMH is lowest with the 
organolead compounds. Fourth, the rate of ck^avage by halogens or 
acids is gniatest with organolead comi)()unds. 


R 4 M + X 2 RsMX, II 2 MX 2 , RMXs + RX 

R 4 M + HX RsMX, R 2 MX 2 + Rll 

Fifth, although none of the compounds adds to a simple unsaturated 
linkage like the earbonyl group in aldehydes, the organomt'tallic com- 
pounds undergo (cleavage with acid halidc's and some reactive alkyl 
halides, the organok;ad c-ompounds again being cleaved most readily. 

R 4 M - 1 - R'COCl RCOR' 

R4M -1- Cll2=CllCH2Br RCll2CH=Cll2 

Tin. The best general method for the prejiaration of simple 
organotin compounds, both alii)hati(! and aromatic, is the reaction 
between a stannic halide and the Grignard reagent. 

4RMgX - 1 - SnCl 4 ^ R 4 Sn + 4 MgX 2 

Among special methods for the preparation of organotin compounds, 
three are of particular interest. In the Meyer reaction, an alkylstannic 
acid is prepared from potassium stannite.”^ 

KSnOOK -I- RI RSnOOK -|- KI 

Schwarz and Schineiaser, Ber., 69 , 579 (1936). 

Meyer, Ber., 16 , 1439 (1883) ; Pfeiffer and Lehnardt, Ber., 36 , 1054 (1903). 
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Another method is illustrated by the following reaction : 

IlaHg + SnXa RaSnXz + Hg 

In a third procedure, the double salt of a diazonium compound with 
stannic chloride is treated with a finely powdered metal like copper.'^®*’ 

(RNiCba-SnCb RzSnCb 

The conversion of R^Sn compounds to RsSnX, 11,280X2, and RSnXa 
types can be effected not only by halogens and halogen acids, as men- 
tioned previously, but also by interaction with stannic halides. 

R^Sn + SnCl4 RaSnCl, R2SnCl2, RSnCU 


These reactions can be carried out in stagtis so that a 75 per cent yield 
of triphenyltin chloride is obtainable from bitraphenyltin and stannic 
chloride. Related cleavage reactions can be re alized with other com- 
binations.’“‘ 


R4Sn + 2RSnX3 
RaSnX-l- RSnXs 
2R3SUX + S11X4 



R4Sn + RaSiiXa RjSnX 


UleaVage is also efieeled by a variety of organic compounds con- 
taining halogen, among which an; the alkyl and acyl halides mentioned 
earli('r; by hydrogen; and by sodium in liquid ainmouia.^^®*’ 

The mixed organotin halide's react with sodium in hquid ammonia 
as fedlows: 

RoSnXs + 4Na R2SnNa2 + 2NaX 


The sodium-tin compounds, R2SnNa2 and RaSnNa, are useful syntheti- 
cally, and among their many tran.sformations is hydrolysis by ammonium 
chloride or bromide to give hydrides. For examples, disodiumdiphenyltin 
gives diphenyltin dihydride.”’ 

(C6H5)2SnNa2 2NH4Br (C6H5)2SnH2 + 2NaBr -f- 2NH3 

(a) Nosnieyaiiov and Kocheshkov, Brr„ 63 , 2490 (1930). (?>) Kocheshkov, Nes- 

ineyanov, and Klimova, J, (h>n. Chvm, {U.S,S.R,), 6 , 107 (1930) [C. A., 30 , 4834 (1930)]. 
(c) Kocheshkov, J. Gcm. Chem. 5 , 211 (1935) [C, A., 29 , 5071 (1935)]; Boba- 

ehinskava and Kocheshkov, ibid., 8 , 1S50 (1938) [C. A., 33 , 5820 (1939)]. 

(a) Bost and Borgstrom, J, Am. Chem. Soc.^ 51 , 1922 (1929). (5) Kraus and Ses- 
sions, ibid.f 47 , 2301 (1925) ; Kraus and Foster, ibid.^ 49 , 457 (1927). 

Chambers and Scherer, ihid.^ 48 , 1054 (1920). 



560 


ORGANIC CHEMISTRY 


Lead. The preparation and properties of organolead compounds 
are very much like those of organotin compounds.^* Tetraethyllead, 
the most important organolead compound, is prepared technically, 
for use as an anti-knock compound, from ethyl chloride and sodium-lead 
alloy. 

C 2 II 5 CI + Na(?b) (C 2 n 6 ) 4 rb 


The following reactions used for the prejiaration of an organolead 
compound having four different groups attached to lead illustrate the 
pi’eferential cleavage of radicals and the geneial procedure employed 
for the synthesis of a wide variety of unsymmcstrical organometallic 
compounds (p. 424). 


(C6HB)4Pb — -> (CelTslaPbCl (C6H5)3PbC3H7-n 

IICl o-CTT3Cfi?T4^^gB^ 

{C\lh)in^C sH^)VhCh 


(C6Tl5)(n-C3n7)rb(C6H4CH3-^>)2 


HCl 


(C6H6)(n-C3Tl7)(«-Cn3C6H4)PbCl 


It will be observed that experimental conditions can be so ordered 
that hydrog(^n chloride (ieav(\s one or two radicals, as is also true of 
cleavage by halogens. The ordc^r of increasing (‘ase of (ic^avage of radicals 
is: n-propyl, phenyl, o-lolyl. Soimnvhat relaU^l redactions have been 
used for the synthesis of asymmetrical organoge'rmanium and organotin 
compounds, both types being subsequently resolved to optical isomers. 

No organolead compound has as yet been resolved. Wlieui the 
phenyl-n-propyl-o-tolyllead chloride was treated with an optically active 
organolithium compound, 


C 3 H 7 CH 3 

C 3 H 7 

CH 3 

1 

1 1 
CeHe— rb— Cl + LiCeinO— C— II 

1 

CbHb— P b— CeHiO- 

1 

-C— H 

1 1 
C 6 H 4 CII 3 CeHis 

1 

CcILCIIs 

1 

Cell 13 


the resulting optically active compound was an oil which could not b(^ 
separated into its two diastereoLsomcdrs. 

An interesting and ingenious application of radioactive organo- 
metallic compounds might be mentioned here. In quantum yield studicds 
concerned with the photochemical decomposition or photolysis of 

Calingaert, Chem. Rev., 2 , 43 (1925) ; Gilman and Bailie, J. Am. Chem. Soc., 61 , 731 
(1939). 

Austin, J. Am. Chem, Soc., 65 , 2948 (1933). See, also, Krause and Schlottig, Ber. 
68, 427 (1925). 
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organolead compounds, the quantities of free radicals formed are so 
small that ordinary analytical methods are inadequate for their exact 
measurement. Acicordingly, the extremely sensitive method of radio- 
active indicators has been employed. The metallic mirror used to cap- 
ture the free methyl and ethyl radicals is a radioactive metal like 
radium D. Actually, tlu^ radioactive deposit is so slight as to bo invisible, 
but it suffices to i)ick up the free radicals; and the newly formed alkyl- 
radium D compounds jnepared in this mamuT are carried along to a 
cooked part of the tube (the Paneth ttichnique) (p. 613) and measured 
by the usual, highly sensitive radioactive methods. 


GROUP V. A-FAMILY 

[V, Cb, Ta, Pa] 

There is no decisive evidence for the existence of an organometallic 
compound derived from a metal in tlu' A-family of Group V. Several 
inorganic vanadium compounds, particulaily the halidc^s, ha\e been 
treated with Grignard reagents. The gcneial products are n'duced 
vanadium salts, R-R, compounds, and possibly some organovanadium 
compounds.'-"*’ 

Columbium pcmtachloride and tantahirn pentachloride react with 
aromatic hydi-ocarbons, evolving hydrogem chloride and yielding 
intensely colored, non-crystalline compounds of the following t 3 q)es: 


CbCl4CioH7, TaCLiCfilR, TaChCCioHT)^ 


Related compounds have been rc'ported from reactions with vanadium 
tetrachloride. *” 

It appears likely that gn'ater succe.ss will attend the preparation of 
the.se RM types if tlu^ Grignard reagent or other moderately reactive 
organometallic compounds be treated with halides in the lowest valence 
state. The reaction between tantalum ])ontachloride and RMgX or 
RLi compounds leads to the formation of a lower halide of tantalum 
and RH compounds, methane being the chief hydrocarbon when CH 3 M 
types are used. 


(a) Leighton and Mortensen, Am, Chem, Soc.^ 58 , 448 (193G) ; see, also. Burton, 
Kicci, and Davis, ibid., 62 , 2G5 (1940). (6) Vernon, ibid., 63 , 3831 (1931); Kirsanov and 
Sazonova, J. Gen. Chem. {U.S.S.R.), 6, 95G (1935) [C. A., 30 , 1025 (193G)]. 

(a) Funk and Nicderliindcr, Bcr., 61 , 1385 (1928). See Atanasyev, Chemistry & 
Industry, 69, 631 (1940), concerning the possible formation of highly unstable phenyltan- 
taluin compounds. (6) Mertes and Fleck, J, Ind. Eng. Chem., 7 , 1037 (1915). 
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GROUP V. B-FAMILY 

[Sb, Bi] 

The trialkyl and triaryl derivatives of nitrogen, phosphorus, arsenic, 
antimony, and bismuth show regular gradations in properties. Many 
of the variations in properties might have, been predictc^d on the basis of 
organometallic characteristics reaching a maximum with the bismuth 
compounds. ( 1 ) The thermal stabili(i(;s decrease with increasing atomic 
weight of the central element. (2) The inflammability is greatest with 
the organobismuth compounds. (3) The tendency to form R 3 MX 2 
types by the addition of halogens decreases with descent in the family. 

AlkylsSb + X 2 -> AlkybSbXa 

Actually, the trialkylbismuth compounds do not give such salts; instead 
one or two R groups are cleaved. 

AlkylsBi + X 2 AlkybBiX + Alkyl BiX 2 + Alkyl X 

The triarylbismuth compounds add halogens to give triarylbismuth 
dihalides. (4) The formation of onium compounds, by addition of an 
alkyl iodide, decreases gcinerally. Trimethyl antimony adds methyl 
iodide slowly to give tetramethylantimony iodide, 

(CIl3)3Sb + CII3I (CH3)4SbI 

but trimethylbismuth does not add methyl iodide.*-^® 

The best general method for the; preparation of trialkyl and triaryl 
compounds of antimony and bismuth is the reaction between a halide 
and the Grignard reagent. 

SbCb + CIRMgl ^ (CH3)3Sb 

BiCl3 + CcHBMgBr (CGHB),,Bi 

The Bart reaction used for the preparation of arsonic acids is 
applicable to the stibonic acids, Aryl-Sb 03 H 2 , but not to the analogous 
bismuth compounds. However, it has recently b(!(!n shown that organo- 
bismuth compounds can be prepared from diazonium compounds by 
the following typical sequence of reactions. 

2 C 6 II 6 N 2 CI -b BiCU > (C6H5N2Cl)2-BiCl3 

(C6H6N2Cl)2-BiCl3 (C6H6)2BiCl 

3(C6HB)2BiCl — > 2(C6H6)3Bi 

(a) Davies, Norvick, and Jones, Bull. soc. chim., 49 , 187 (1931). (b) Bart, Ann., 429 , 
65 (1922). (c) Gilman and Yablunky, J. Am. Chem. Soc., 63 , 949 (1941). (d) Gilman and 
Yablunky, ibid., 62 , 665 (1940). See Gilman and Barnett, Rac. irav. chim., 55 , 563 (1936), 
for the use of hydrazine for converting other RMX compounds, like RHgX, to the cor- 
resi^onding R 2 M types. 
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The intermediate compounds have been isolated; and hydrazine appears 
to be a reagent of choice for converting arylbismuth halides to triaryl- 
bismuth compounds.'^*'* 

Studies by Challenger and co-workers, particularly with organobis- 
muth compounds, have demonstrated that organobisimith compounds 
undergo more ready cleavage than organoantimony compounds. The 
cleavage reactions have been carried out with a wide variety of inorganic 
halides and some alkyl and acyl halides.*-^® 

(CeHBlsBi + HgCl2 ^ CeHsHgCl -f- (CeHBlaBiCl 
(C6HB)3Bi -f C 6 IIbCH..C 1 CellBCnaC-BllB + (CsHBl^BiCl 
(C6HB)3Bi -1- CII3COCI -> CbIIbCOCHb -1- (CellBlzBiCl 

No addition of either an organoantimony or an organobismuth com- 
pound to a Him{)le functional group like the carbonyl group in aldehydes 
has b(!en reported. 

Organoantimony and organobismuth compounds iindergo metal- 
metal interconversion reactions with organoalkali compounds.^-®'’ 

(CellblsSb + Sn-CiHoI-i aCellBbi -f (^-04119)386 
(7;-CH3Cctl4)3Bi -f- 3n-C4H9Na Sp-CIIjC 6114 X 11 -f (n-C4ll9)3Bi 

In licpiid ammonia, R^SbX and R2BiX compounds react promptly 
with lithium, sodium, i)otassium, calciiUTi, and barium to give det'ply 
colored RzSbM and RaBiM types.i-*^ 

(CcHB)2BiBr + 2 Na -> (CeHslsBiNa + NaBr 

These dimetallic compounds undiTgo ready reaction with RX com- 
pounds and provide one of the betti'r procedures for the preparation 
of unsymmetrical organoantimony and organobisimith compounds.'"^*'' 

R 2 BiM + R'X Rzll'Bi -f MX 

They also undergo a halogen-metal interconversion reaction in liquid 
ammonia. 

(C6llB)2BiNa -I- a-CioIRI (C6HB)2BiI -b a-CioHjNa 

The stability of organobismuth compounds varies markedly with 
the ty]ie of compound (RsBi, R;{BiX2, R2BiX, RBiX2), and the char- 
acter and position of .substituents in the R group. Among the most 
stable compounds are the triarylbusmuth dichlorides, and a compound 

(a) Challenger and Ridgway, J, Chem. Soc., 121 , 104 (1922). (?>) Gilman, Yablunky, 
and Svigoon, J. Am, Chem. Soc.^ 61 , 1170 (1939). (c) Gilman and Yablunky, ibid., 63 , 

212 (1941). (d) Gilman and Yablunky, ibid., 63 , 207 (1941). (e) Supniewski and Adams 
ibid., 48 , 507 (1920). 



564 


ORGANIC CHEMISTRY 


like tri-p-tolylbismuth dichloride can be oxidized to tri-p-carbox 3 rphenyl- 
bismuth dichloride by means of potassium permanganate or chromic 
acidd-*® 

(p-CHaCeH^lsBiCb (T^-HOsCCsIIdsBiCla 

Extensive studies of compounds like (C 6 H 5 ) 3 BiX 2 have shown that 
the order of decreasing stability of the dihalides is: R 3 BiCl 2 , R 3 BiBr 2 , 
R 3 Bil 2 . However, with R 2 BiX types in liquid ammonia, the order is 
reversed and the R. 2 BiI compound is most stablc.^^'’' 

A sensitive test, known as color lest III, is characteristic not only 
for triarylbismuth dihalidcs but also for the more reactive arylmetallic 
compounds like those of sodium, lithium, and magnesium.®' The 
color test, when used for reactive arylmetallic types, is carri(^d out readily 
by adding 1 cc. of the RM solut ion to 1 cc. of an ai)proximately 1 per cent 
solution of triphenylbismuth dichloride in dry benzene. With aryl- 
lithium and arylmagncsium compounds a deep purple color forms 
instantaneously. The reaction mc'.chanisms of this color test are as ycit 
unknown. It is interesting that triarylarsenic dihalides and triaryl- 
antimony dihalides do not, giv(' the bvst. Using ph(>nylmagnesium 
bromide, a positive test is obtainable with 1 cc. of a 0.0039 molar solu- 
tion of triphenylbismuth dichloridc. 


GROUP VI. A-FAMELY 
[Cr, Mo, W, U] 

Numerous attempts have; been made; to prepare organometallic 
compounds of molybdemim, tungsten, and uranium. Whtai the method 
has involv(id interaction of the halide salt with the Grignard reagemt, 
the course of reaction has resembled maikedly that noted with halides 
of the A-family of Group V : namely, reduction of the salt, coupling to 
form R-R compounds, and the very doubtful formation of organo- 
metallic compounds.^“® Howc'ver, recent preliminary studies have shown 
the possibility of pn^paring some complex phenylmolybdenum and 
phenyltungsten compounds.^^*® 

The studies by Hein and co-workers have; provided a good picture 
of organochromium compounds. The chi{4 reaction product of chromic 

Challenger and Richards, J. Chem. Soc., 405 (1934). 

Bennett and Turner, J. Proc. Roy. Soc. N. S, R^a/c.s, 63 , 100 (1919) [C. A.^ 14 , 414 
(1920)]; Lai and Dutt, J. Indian Churn. Soc., 12 , 389 (1935) [C. A., 30 , 452 (1936)]. 

(a) Hein, Naturvnssenschaftcn, 28 , 93 (1940); Anfiew. Chem., 61 , 603 (1938). (b) 
Hein and co-workers, Ber., 64 , 1916, 1936, 2710, 2727 (1921); Bcr., 67 , 8, 899 (1924); 
Ber., 69 , 362, 751 (1926); Ber., 61 , 2255 (1928); Bcr., 62 , 1151 (1929); J. prakt. Chem., 
163 , 160 (1939). 



ORGANOMETALLIC COMPOUNDS 565 

chloride and phenylmagnesium bromide is pentaphenylchromium bro- 
mide, 

5C6H6MgBr+ 4CrCl3 -> (CgHBlsCrBr + 2MgBr2 + SMgCb + SCrCb 

which with alcoholic potassium hydroxide gives pentaphenylchromium 
hydroxide. This strongly basic hydroxide undergoes an unusual reaction 
when salts are prepared from it either by the action of acids or by 
double decomposition with alkali salts: a phenyl group is removed and 
tetraphonylchromium salts result. However, tetraphenyl chromium 
hydroxide (prepared from tetraphenykihromium iodide and silver 
hydroxide) behaves normally to give tetraphenylchromium salts. 

(C8H8)4CrI + AgOII (C6H5)4C’rOII — > (C6H6)4CrX 

Among other products of the reac^tion between chromic chloride and 
phenylmagnesium bromide an; tetraphenylchromium salts and tri- 
phenylchromium salts. The.se, when electrolyzed in liquid ammonia, 
give the highly unstable, .sim])le organochromium compounds: tetra- 
phenylchromium, [(C(iH5)4C-’r],„ and triphenylchromium, [(C6H6)3Cr]„. 

In color, the organochromium compounds re.semble markedly the 
inorganic dichromates. All the organochromium compounds reported 
are relativt'ly unstable tlu'rmally and quite semsitive to light and oxygen. 
The alkylchromium compounds appear to be i)articularly unstable, and 
noiK! has been isolated. 

Pentaphenyl-, tetraphenyl-, and triphenylchromium hydroxidcss are 
strong bases, the conductivity increasing uith a decrease in tlu; number 
of ijhenyl groups. 

There is no n'port^ of tlu' addition of an organochromium compound 
to an organic unsat uratc'd grouping. Although practically nothing has 
been done on tlu^ )io.s.sibl(i reaction of organochromium compounds 
vnth organic compounds, it appears reasonable to c'xpect that th(>y 
will react with som(‘ alkyl and acyl halides after the manner of organotin 
compounds. 

GROUP VI. B-FAMILY 

[Po] 

No .study has been n'ported on organopolonium compounds. 
Polonium hydride, howev(‘r, has been found to be less stable than 
bismuth hydride.^-^ Omi may predict that organoj)olonium com- 
pounds will b (5 found to b(' le.ss stable than organobismuth compounds. 
Superimposed on such thermal instability will be the relatively short 
half-life period of the radioactive compound. 

Paneth and Johannaen, Ber., 55, 2622 (1922). 
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GROUP vn 

[Mn, Ma, Re] 

Organomanganese compounds, prepared by interaction of manganous 
iodide with Grignard reagents or organolithium compounds, are inflam- 
mable and of moderate thermal stability. They are promptly decom- 
posed by wat(;r, yielding the parent RH compound, and they react 
with the usual organic functional groups at a rate somewhat like that 
observed with organoaluminum compounds. Accordingly, they are the 
most reactive of all known organometallic compounds in Groups IV, 
V, VI, VII, and VIII. 

No study has been reported concerning organomasurium compounds. 

Interaction of rhenium trichloride with methylmagnesium iodide 
has been reported to give trimethylrhenium, an almost colorless oil, 
heavier than water, not very inflammable, and decomi)osable slowly 
by hydrogen peroxide to giv'e perrhenic acid.’-*® Howev(!r, there may 
be as yet unexplained catalytic influences, for according to recent 
studies tliis reaction yielded almost exclusively methane and ethane.'-** 


GROUP vm 

[Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt] 

Very few organometallic compounds of Gr oup VIII mrdals have been 
described. Apart from some oi-ganoiron compounds, for which there is 
indirect eviderree, the only organonretallic types isolated and studied 
in any detail have been some methylplatinum compounds. 

Ethyliron chloride has been prepared from ethylzinc iodide and 
ferrous chloride. 

FeCb -f CzHsZnI ^ CalRFeCI -1- ZnClI 

The same prodirct is obtained from ferric chloride, which presumably 
is first reduced to ferrous chloride.’^® 

2FeCl3 + CzHsZnl 2FcCl2 -|- C2H5I -f ZnCla 
Phenyliron iodide has been prepared by a corresponding reaction.’*" 
2Fcl2 -1- 2C6H6ZnC] 2C6H6FeI -|- ZnCb -f ZnE 

(a) Druce, J. Chem, Soc,y 1129 (1934). (h) Gilman, Jones, Moore, and Kolbezen 
J. Am. Chem. Soc., 63 , 2525 (1941). 

Job and Reich, Compt. rend., 174, 1358 (1922). 

Champeticr, Bull. soc. chim., 47, 1131 (1930). 
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The chief evidence in support of the organoiron compounds is the forma- 
tion of ferrous hydroxide on hydrolysis. 

2RreX + 2 H 2 O 2RH + Fe(OH )2 + FeX 2 

When iron halides are treated with Grignai’d reagents the reaction pro- 
ceeds predominantly to the formation of coupling (R-R) compounds. 
Practically quantitative yi('lds of biidienyl have been obtained from the 
reaction between phenylmagnc'sium iodide- and halidcis of the Group VIII 
metals.^®^® The lesser yields of biphenyl when the chlorides of osmium, 
iridium, and platinum an; us(^d suggest that the extent of the coupling 
reaction is a rough measure of the thermal instability of the inter- 
mediately formed organometalli<! compounds, the phenylplatinum 
compounds btnng most stal)]e. 

Trimethylplatinura iodide has been prepared from platinum chloride 
and raethylmagn(!sium iodide.^***’ 

PtCb + aCHaMgl (CIl3)3PtI + 2MgCl2 + Mgiz 

It was subsequently shown that tetramethylplatinum is one of 
several by-products of tlu*. reaction between platinic chloride and 
methylmagn(;sium iodide. Tetramethylplatinum is prepared con- 
veniently from trimethylplatinum iodide and methylsodium. 

(CH3)3PtI + CHsNa (CH3)4Pt + Nal 

Hexamethyldiplatinum has been pn'paw'd by heating trimcthyl- 
platinum iodide with i)owdered ])otassium in dry benzene.^^^*' 

2(CH3):.PtI + 2K (CH3)3PtPt(CTl3)3 + 2KI 

Organopalladitim compounds have Ix'en postulated as intermediates 
in the catalytic reduction of aryl halidc's.’*’'^ 

Hydrides, (carbides, and carbonyls are known of several of the 
Group VIII metals. 


ORGANOMETALLIC “RADICALS" 

Some organomctallic comi)ounds appear to have a metal with 
a valence lower than normal. These so-called organometallic radicals, 
likti triphenyllead, may possibly have a very low concentration of the 
radical present. 

2(CcnB)3Pb (CellBlsPb— PbCCellBla 

(a) Gilman and Lichtenwalter, ./. Chem, Soc., 61 , 957 (1939); Kharasch and 
Fields, ibid,, 63 , 231(> (1941). (5) Pope and Peachey, J. Chem. *Soc., 96 , 571 (1909). (c) 
Gilman and Lichtenwalter, ,/. Am. Chem. iSoc., 60 , 3085 (1938). (d) Busch and Weber, 

J. prakt. Chem., 146 , 1 (1930). 
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However, magnetic measurements have not revealed free radicals, and 
some of the earlier evidence based on molecular-weight determinations 
may be vitiated because of the slow decomposition of the RM com- 
pounds to fragments of relatively low molecular w(;ight.'®^“ The special 
properties of such compounds may be due to a very weak metal-metal 
Unkage. Some of the organometallic “radicals” have j^roperties sug- 
gestive of a radical Ukc triphenylmethyl. Such characteristics are 
color; marked tendency to assume a normal valence of the metal by 
addition of oxygon, iodine, or metals like sodium; increase in associa- 
tion or polymerization in more conc(nitrat(^d solutions; and dispropor- 
tionation. Some of the “radicals” have properties, such as luster and 
conductance, similar to tho.se of metals. 

Mercury. Some alkylnu'rcury compounds like mcthylmercury and 
ethylmercury have b(‘en pr(‘i)ared by the electrolysis of alkylmc'i- 
curic halides in liquid ammonia at a Umjjt'rature of — 60 °. The radicals 
were deposited on the cathode, and were found to be unstable. Methyl- 
mercury, for example, shows considerabki d(!Composition even at — 33 °. 

2CH3Hg (CIl3)2llg -b llg 

This tendency of the radical to disproportionate to free metal and an 
organometallic compound having a metal with noi-mal valence is shown 
by many organometallic radicals. 

The metallic charact(u’istics of a compound like mctliylmercury recall 
the properties of substances like tetramethylammonium, (CH3)4N. If 
the metallic nature of this group, whidi itself contains no metal, be 
admitted, then it becomes understandable why compounds like bcmzyl- 
tetramethylammonium, C6H5CH2N(CH3)4, have been correlated with 
organometallic compounds (p. 530 ). 

Thallium. Diphenylthallium is probably formed when one equiva- 
lent of sodium is added to a solution of diphenylthallium bromide in 
liquid ammonia.^®® 

(C 6 H 6 ) 2 TlBr -b Na (C6H5)2T1 + NaBr 

There is more compelling evidence for the transitory formation of 
phenylthalhum when triphenylthalUum is heated in xylene.^®® 

(06116)3X1 CeHiTl -b CeHs-CcHe 

In the absence of a reactant, the phenylthalhum is converted to tri- 
phcnylthalUum and mctalhc thallium, probably by way of diphenyl- 
thalhum. 

GCeHsTl 3T1 -b 3(C6H6)2T1 T1 -b 2(C6H6)3T1 

(a) Morris and Selwood, J. Am. Chem. <Soc., 63 , 2509 (t941). (6) Kraus, ibid,t 

86 , 1732 (1913). (c) Kraus and Brown, ibid., 62 , 4031 (1930). 
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Pyrolysis in xylene, in the presence of reactants like carbon dioxide, 
benzophcnone, and benzonitrile, results in the normal additions of a 
moderately reactive RM compound. 

CellsTl + (C6H6)2C=0 > (C6H5)3C0H 

Phenylthallium, which is probably the most reactive organometallic 
“radical,” is highly unstable thermally. When phenyllithium was 
added to a suspension of thallous chloride (TlC^l) in ether, cooled to 
— 70 °, there was an immediate deposition of metallic thallium. The 
subsequent isolation of triphenylthallium indicated that phemylthallium 
was formed initially, but then decomposed in essimtial accordance with 
the reactions illustrated above. 

Germanium. Diphenylgermanium has been prepared by the action 
of sodium on a diphenylgermanium dihalide in boiling xylene.^®'’ 

(C 6 H 6 ) 2 GeX 2 + 2Na (C 6 lIii) 2 Ge [(C6n5)2Gc]4 

In liquid ammonia, sodium reacts with diphenylgermanium to give 
diphenylgermanium-disodium. 

(CsHbI^Go + 2Na (CeHtlzGeNaa 

This reaction is quite general with organometallic radicals. The sodium 
derivatives are useful in synth(.‘.sis, reacting, for example, with alkyl 
halides to substitute alkyl radicals for the sodium. 

Tin. Di-and trivalent organotin compounds of both the aliphatic 
and the aromatic series have beem prej)ar(!d. Diethyltin has been synthe- 
sized in several ways, of which the following are typical.^““ 

(CallBlaSnXz + Na amalgam (Calif, laSn 

2 C 2 n 5 MgBr + SnCb -> (CallBlaSn -|- 2 MgX 2 

The diaryltin compounds have been prepared by related methods, as 
well as by pyroly.sis of the dihydride.'**^ 

(CsHBlsSnlla (C6HB)2Sn -h II 2 

The RaSn compounds are conveniently prepared in liquid ammonia 
by reactions like the following. 

(CH 3 ) 3 SnX + Na (CH 3 ) 3 Sn + NaX 

(C6H6)3SnNa -|- ClSn(C6HB)3 2(C6H5)3Sn -h NaCl 

^38 (a) Lowig, Ann., 84 , 308 (1852) ; Frankland, Ann., 86 , 329 (1853) ; Pfeiffer, Ber., 44 , 
1269 (1911). (6) Krause and Becker, Ber., 63 , 173 (1920) ; (chambers and Scherer, J. Am. 
Chem. Soc.y 48 , 1054 (1926). (c) Kraus and Sessions, ibid., 47 , 2361 (1925); Harada, 

Bull. Chem. Soc. Japan, 4 , 266 (1929) [C. A., 24 , 1340 (1930)]; Ladenburg, Ann. {SuppL), 
8 , 63 (1872) ; Riigheimer, Ann., 364 , 51 (1909) ; Chambers and Scherer, J. Am. Chem. Soc, 
48 , 1054 (1926). 
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In general, both the di- and trivalont organotin compounds react 
readily with oxygen, sulfur, and halogens to give tetravalent types. 

2R2Sn +02-^ 2R2SnO 2R3Sn + X 2 2R3SnX 

They add sodium, as mentioned previously, and reduce salts like mer- 
curic chloride and silver nitrate. TIk^ alkyl compounds associate or 
polymerize more readily than the corresponding aryl typos. When the 
compounds are colored, the color vari(\s with the R gi-oup: dicyclo- 
hcxyltin is intensely yellow, and a benzene solution of diphenyltin 
becomes dark red when exposed to .sunlight. 

Lead. The general proc(‘dures for the prc'paration of so-called 
organolead radi<;als may b(^ classified roughly as ixdiujtions and the 
direct introduction of R groui)s. The best illustrations of reduction are 
the preparation of triethylt(a\d (or hexaethyidilead) by electrolysis of 
triethyllead hydroxide, and the reaertion of sodium in liquid ammonia 
with triethyllead bromide. 

(C 2 n 5 ). 3 PbBr 4- Na -> (C 2 HB) 3 Pb -h NaBr 

The direct introdxiction of R groups has bexm cff(;cted by interaction of 
sodium-lead alloys and alkyl halides, and by nuietion of kiad chloride; 
with RMgX or RLi compounds. The usual redaction betwc'cn h'ad 
chloride and RMgX compounds gives R 4 Pb compounds. 

PbCl2 + RMgX -> R4Pb 

With some Grignard reagents no spcedal proceduies are necessary for 
the formation of the radical type's. Aeitually, p-xyljdmagnesium 
bromide gives tri-p-xylyll(;ad in 50 per cent yield and no tetraaryll(;ad. 
It appears likely that the di- and tri valent, lead types are preeeursors in 
the formation of most R 4 Pb compounds fiom le;ad chloride and the; 
Grignard reagent or organexlithium compounels.^^® This finds suppexrt 
in the following observatiexns : (1) In the' pi eyxaration of R 4 Pb compounds 
the colors characte;ristie; e)f R 2 Pb and RjPb e;ompe)Uuds are; first, notie;e;d. 
(2) The di- and trivale;nt tyy)e;s can be isolated from sue;h reae;tion mix- 
tures. (3) The R 2 Pb and RjPb compounds are converted to the R 4 Pb 
compounds on the application of heat, in the pre.sencc or ab.scnce of 
Grignard reagent. 

(a) Midgley, Hochwalt, and Calingaert, J, Am. Chem. Soc., 46 , 1821 (1923). See, 
also, Tafel, Ber., 44 , 323 (1911) ; Rengcr, Bcr.^ 44 , 337 (1911) ; and Ldwig, Ann., 88 , 318 
(1863). (h) Calingaert and Soroos, J. Org. Hu m., 2 , 535 (1938). 

Gilman and Bailie, J. Am. Chem. Boc., 61 , 731 (1939). 

Krause and co-workers, Ber., 52 , 2165 (1919) ; Ber., 53 , 173 (1920) ; Bar., 64 , 2060 
(1921) ; Ber., 56 , 888 (1922) ; Moller and Pfeiffer, Ber., 49 , 2443 (1916) ; Goddard, J. Chem. 
Boc., 123 , 1161 (1923) ; Austin, J. Am. Chem. Sac., 64 , 3726 (1932). 
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The several transformations may pioceed stepwise, 

PbCl. + 2RMgX RaPb 

Ilcat 

SRoPb — — > 2R3Pb + Pb 
4P3Pb ---> aRiPb + Pb 

for the di- is convertible to the tri-, and the tri- to the tetravalent type. 
These reactions heading to the formation of an organomctallic compound 
with the metal in a normal valence stab; remind one of the thermal 
decomposition of methyl mercury to dimethylmc'rcury and mercury. 
Actually, however, there may b(^, under certain conditions, secondary 
transformations in the conversion of PbCU to R4Pb. One of these 
with n-butyllithium and R;jPb or RaPb — PbRs is: 

R3pb— PbRa + /i-C4ll9Li R3PbIa + RsPbC^Hs-n 

The RsPb compounds add alkali metals in liquid ammonia.^®® 

RaPb + Na -> RaPbNa 

The resulting dinu'tallic (lompounds are useful for the preparation of 
unsymmetrical [RsRTbJ types. 

R. 3 PI)Na + R'X RsR'Pb + NaX 

Addition also takes ])lace with tlu; binary system. Mg + MgBr2 fc? 
2MgBr, the magm'sious halid(^ b(‘having in many n^spects like sodium. 

R 3 PI) + [-MgBrl RsPbMgBr 

A similar reaction ocanus with triphenylmcthyl.’®’ 

(C 6 n 3 ),,C + [-MgBr] (CeHftlsCMgBr 

In a general way, the proi)erti(« of R2Pb and RsPb compounds 
closely rc.semble those of the corresponding organotin compounds. The 
approximate order of decreasing stability is: Aryl3Pb, Aryl2Pb, AlkylaPb, 
Alkyl2Pb. The number, kind, and po.sition of substituents in the alkyl 
or aryl groups play, of course, a significant part in the properties of these 
several types, just as they do in organomctallic compounds having a 
metal with normal valence. 

Bismuth. When diphenylbismuth halides are treated in Uquid 
ammonia with lithium, sodium, potassium, calcium, or barium, the 
following general reaction occurs. 

(C 6 HB) 2 BiX + Na (CeTlBl^Bi + NaX 

Gilman and Fothergill, J . Ayn. Chem. Soc,^ 61, 3149 (1929) ; Gomberg and Bach- 
manu, ihid.^ 62 , 2455 (1930). 
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The intense green color of diphenylbismuth (or tetraphenyldibismuth) 
gives way to the characteristic deep red color of diphenylbismuth- 
sodium when more sodium is added.^^®® 

(CdhhBi + Na (CellBl-iBiNa 

There is also evidence for the transient existence of dimethylbismuth 
and diethylbismuth.^®* 

Chromium. The triphenylchromium and tetraphenylchromium, 
mentioned with organochromium compounds, have some metallic 
characteristics highly remindful of compounds like methylmercury. 
In particular, each reacts with water with the liberation of hydrogen 
and the formation of the corresponding hydroxide. 

(C6H5)4Cr + H 2 O ^ (C6H5)4CrOH (H) 

INTERCONVERSION OF ORGANOMETALLIC COMPOUNDS 

There is an unusual tendency for one orgaiiomc^tallic compound to 
be converted to another organometallic compound. Several of these 
interconversions have already been considered. 

1. The so-called radicals tend to revert to organometallic com- 
pounds having the metal with a normal valence. 

2CIl3Hg (CH3)2Hg -t- Ilg RiPb R3Pb R4Pb 

Phenyltin, which may be formed transitorily in the following reaction, 
CsHfiSnCb -b 3Na ^ [CelRSn] + 3NaCl 
disproportionates to tetraphenyltin and tin. 

4[C6H6Sn] (C 6 HB) 4 Sn -|- 3Sn 

Under corresponding conditions the intermediately formed phenyl- 
germanium polymerizes (p. 558). 

2. The equilibrium between simple and mixed compounds 

R 2 M + MX 2 2RMX 

appears to be attained more rapidly with the more reactive organo- 
metallic compounds. That is, diphenylmagnesium and magnesium 
bromide give phenylmagnesium bromide more rapidly than tetra- 
phenyltin and tin tetrachloride give phenyltin chlorides. 

When the metal in the salt MXg is unlike that in the organometallic 

Denham, ibid., 43, 2367 (1921) ; Paneth and co-workera, Ber., 62, 1335 (1929) ; J 
Chem. Soc., 366 (1936). 

Schwarz and Reinhardt, Ber,, 66, 1743 (1932). 
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compound, the reaction can proceed in at least two ways. Either one 
organometallic compound is formed exclusively, 

(C6H5)2SnCl2 + HgCl2 CeUsHgCl 

CHaHgOH + C6 IIbB(OH) 2 CHaHgCeHB + HaBOj 

or a mixture of two different organometallic compounds results.^*®*’ 
(C6nB)4Pb + BiBra (C6n6)2PbBr2 + (C6HB)2BiBr 

Solubility factors have pronounced effects. 

3. The rate of disproportionation of unsymmetrical organometallic 
compounds to the symmetrical types 

2RMR' RaM + R'aM 

appears to be greater with the more reactive organometallic com- 
pounds. 

4. The following equilibrium 

R 2 M + M' R 2 M' + M 

is generally displaced largely in that dircciion which gives the more 
reactive organom('tallic compound.'^'® Numerous exi)eriments have 
been carried out on the expulsion of the m<^tal from an organometallic 
compound by another mc'tal, both with and without a solvent.'^^*” The 
direction and extent of displacenu'nt are infhuincod by such factors as 
the ratio of n'actants and tiu^ ability of the m('tals to form couples or 
amalgams. It has b(ien suggested that some of these reactions take place 
by way of free radicals.'^^' 

R 2 M 2R~ + M 
2R— + M' RoM' 

5. The ready interchsinge of metals suggests the possible inter- 
conversion of two different organometallic compounds. This type of 
reaction has been used for the preparation of the otherwise difficultly 
accessible benzyllithium.^^^ 

CeHsCHaMgCl + CellBbi CeHsCHaMgCeHB + LiCl 
C6HBCH2MgC6nB + CeUBbi CellBCnaLi + (C6HB)2Mg 

(a) Kocheshkov and Nesmeyanov, J. Gen. Chew, iU,S.S,R.), 4 , 1102 (1934) 
\C. A,f 29 , 3993 (1935)]. (h) Froidlina, Nesnioyaiiov, and Kocheshkov, Bcr., 68 , 505 

(1935); Gilman and Apperson, J. Org, Chew., 4 , 102 (1939). 

(a) Schlenkand Holtz, Bcr., 60 , 262 (1917) ; Ziegler, Ber., 64 , 445 (1931). {h) Krafft 
and Neumann, Bcr., 34 , 505 (1901) * llilpcrt and Griittner, Bcr., 45 , 282(S (1912) ; Bcr., 46 , 
1075 (1913) ; Steinkopf and Buchheim, Bcr, 64 , 1030 (1921) ; Shiirov and Rasuvaev, Bcr., 
65 , 1507 (1932); Gilman and Marple, Rcc. trav. chiw., 55 , 133 (1936). (c) Gilman and 

Brown, ibid,, 60 , 184 (1931) ; Rasuvaev and Koton, Bcr., 65 , 613 (1932). 

Ziegler and Dersch, Ber., 64 , 448 (1931). See, also, Schlenk and Holtz, Ber., 60 , 
262 (1917), and Hein and co-workers, Z. anorg, allgern. Chem., 141 , 161 (1924). 
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The benzylphenylmagnesium, which is probably formed as an inter- 
mediate, might be expected to disproportionate to dibenzylmagnesium 
and diphcnylmagnesium, in which event, the precursory active agent 
would be dibenzylmagnesium. Some other illustrative intcrconver- 
sions of two different oi’ganometallic comi)ounds follow: 

2Cn,HgI + (C^H^laZn (CH,).,Z» + (C^IIOJIg + HgL 
(a-Cl„H7)3Bi + (C,H5)2lIg (a-C,oH7)2lIg + (C6H6)3Bi + («-Cl„H7)(CeH6)2Bi 
(C«Tl6)3PbCl + p-CHjCellJ.i -> (CJIelsPbCeIbCHj-p + (7>-CIl3C6ll4)4Pb 

This last rca(!tion illustrates an inkirchangc of radicals resulting in the 
formation of but one class of organometallic compoimds, the organo- 
lead compounds. A related reaction is: 

CJIuBiCls + CjIIsMgBr -> (CJIi,)»Bi + (C^IIOsBi + (Cai.OfCAbliBi 

A more complete account of recent studies in the interconvei’sion or 
redistribution reaction of some types mentioned in this section Ls given 
in Chapter 24. 

6. The replacement of radicals has also been observed where but 
one organometallic compound is involvcid. 

ff-CioHyBr -|- 7i-C4ll9T.i — > ct-CioHyla -j- 7i-C4H9Br 

This type of halogen-metal in tendon version reaction is discussed on 

p. 538. 

7. There are special niactions for the (conversion of one type of 
organometallic compound to another type, 

(CoHB)2Sn -I- C^HbI (CzIlBlsSnl 

as well as the many general reactions previoirsly (considered such as the 
conversion of an R4M type to R3MX, R2MX2, and RMX3 compounds 
by the action of halogens and halogen acids. A speci<al reaction involv- 
ing carbid(!S is the formation of s()m(c methylmetallic compounds from 
aluminum carbide and salts of heavy metals like mercuric chloride, 
stannic chloride, and bismuth chloridc.’^^ 

AI4C3 -h HgCb — -> CHjHgCl and (CH3)2Hg 

The relatively ready in tercon version of organometallic compounds 
suggests ionic reactions. However, only the more reactive organo- 

(a) Frankland, Ann., HI, 44 (1859) ; Challenger and Ridgway, J. Chem. Soc., 121 , 
104 (1922); Austin, J. Am, Client. Soc., 64 , 372G (1932). (6) Norvick, Nature, 136 , 1038 
(1935). See, also. Challenger, J. Chem. Soc., 106 , 2210 (1914), and Kocheshkov, Nes- 
xneyanov, and Pusyrewa, Ber., 69 , 1639 (1936). 

Hilpert and Ditmar, Ber., 46, 3738 (1913) 
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metallic compounds are appn'ciably dissociated (p. 530). Some studies 
have been carried out to deUu’inine whether tluire is slight ionization vrith 
the relatively unreaciive organometallic compounds (Chapter 24). 
When radioactive load salts, like lead chlorides and lead a(*ctate, are 
heated w4th non-radioactive organ oh'ad compounds, like tetraphenyl- 
lead, there is no e^xchange of lead atoms. WIk^ii dissociable inorganic 
salts with diffc'rent acid radicals an^ used, there is an exchange between 
the active and inactive salts.^'^^® IMore rc'cent studies have indi(;ated 
a transfereiH^e of atoms with organometallic com])ounds. By means of 
the radioactive indicator nu'thod, using radioacitivi' isotopes to show an 
exchange of atoms, evid('ncc has been obtained which suggests that both 
radioactive l(\ad and j-adioactive bismuth can ('xchange witli lead in 
t.etrarnethylk'.ad and bismuth in trimethylbisimit h, r(\specti vc^ly, in 
(4her solution at room t(‘mp('rature. Because^ the exchange is not shown 
Avith trimethylamine, te tram(‘thylsili(?on, and t et!*amethyl tin it is 
I)robablo that the transferences oe^curs mainly with atoms of the same 
atorniei numl)er, and without a break-up of the molecule which would 
be expc'cted if fre'c radic^als were involved.’^^^" 

Although the evidemee for ionic reactions in interconversiems is weak, 
particularly where differemt en-ganemietallic compounds are involved, 
it is more likeiy that ie)nic reactions are) inve)lvcd in the e^xehange e)f 
aeid radicals in mixe'd organome^tallic cemipounels. In a compound like 
KMX the're niaj^ be) iiitCTcennTrsiems (a) e)f the R group, (b) of the mehal, 
and (c) e)f the X group. Actually, all three kinds are known, and the 
first two have be^eii mentie)ne'd. The following illustrative transforma- 
tions of X groups arc readily effected. 

UMOH UMCl RMF 

Incidentally, the reiative st-abilitie\s e)f compounds like (C 6 n 5 ) 3 BiX 2 , 
where) X is liale)gem e)r a pse)ude>halogen, are) almost exactly hi the order 
determined by the decompeisition ])otentials of the potassium salts in 
wate)r:i^« F, ONC^ OCN, Cl, N 3 , Br, CN, SON, I, SeCN, TeCN. 
The fluoride) is most stable, and a e)om})ound like (CGH 5 ) 3 Bil 2 is ex- 
tremely unstal)le. The (CGHr>) 2 lii^ cemipounds have apparently an 
order of stability which is the inverse of the order of stability of 
(C 6 H 5 ) 3 BiX 2 compounds. 

Finally, meintiein should be made of the feirmatiem of an organo- 
metallic compound having two or more diffe)rent metals from an organo- 

(a) Hevesy and Zeehmeister, 7icr., 63, 410 (1920). {b) Leigb-Sniith and Richardson 
Nature, 136, 828 (1935). 

Challenger and Richards, J. Chern, Soc,, 405 (1934). 
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metallic compound with but one metal. The following reactions 
illustrate the first synthesis of this kind: 


CH2— CH2 


(CIl3)2Sn 


\ 


CII2 (CH3)2Sn(CH2)BBr 


CII2— CTIs 


Br 


CHaMgCl Mg 

- > (Cn3)3Sn(Cll2)5Br (CII.,)3Sii((ni2)BMgBr 


(CH3)3PbBr 


> (CH3)3Sll(CH2)5Bb(Cn3)3 


PHYSIOLOGICAL PROPERTIES 

As a broad goncralization it may be stated that orgaiiometallic 
compounds are relativ('ly highly toxic. Little is known of the odor 
and taste of th(^ moderatc'ly and highly reactive organomet-allic, (‘om~ 
pounds, partly because of their slight volatility and more particulaily 
because the aqueous medium i)resumably ne(‘ossary for these scmisc^ 
pe'rcei)tions is ideally suited for d(^comi)osing ihv n'ac'tive organonu'tallic 
compounds. Because of the known toxi(*ity of tlu' slightly n^active 
and more volatiles organoiiK'tallic comi)ounds, no intcaitional taste 
test comparisons hav(' been report('d. odoi’s of such compounds 

are better known, and they vary over wich) limits. Sonui have a 
pleasant fruity bouquet and others are highly o])noxious; souk^ are 
without any appreciable odor and others have ill-defined ‘^characteristic* 
odors.’' There are highly purified RM comi)ounds wliich dc^velop an 
odor only after brief cont.a(*t with the atmos]jh(ae. Souk^ chcanists who 
have worked closely with i)articiilar types can dc'U^ct minimal quantities 
by a characteristic odor, as, for exami)le, the lowca-molecular-weight 
dialkylmercury compounds. 

Although it is true that organ om(*talli(^ compounds an*, generally 
quite toxic, it is equally true that there an^ marked variations in toxicity. 
The variations are noUnl with different class(\s of organom(*tallic com- 
pounds and also within the same class, depcaiding on thc^ alt(*rations in 
structure of the R groups and the natiiic^ of X or th(^ acid radical. 
This makes it understandal>le why some oi ganometallic^ compounds 
have actually found application as tlua-apcnitic*, agents and why otlu'is 
are being investigated for tluai* possible curative (^ffi^cts. Organoanti- 
mony and organobismuth compounds have been used in trypanosome 

Griittner and Krause, Bcr., 60, 1549 (1917). 
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infections; organomcrcury compounds as disinfectants and diu- 
retics;^^®*’ organolead compounds in the treatment of cancer; and 
organogold compounds in the treatment of tubei’culosis and arthritis. 
Organomctallic compounds hav<', also been used in veterinary medicine 
in the treatment of some forms of coccidiosis, and in botany as seed 
disinfectants to prev(^nt smut diseases of cereals. 

If correlations may be drawn between metallic hydrides and organo- 
metallic compounds, one may conclude that the physiological effects of 
organomctallic compounds are not necessarily related to the physiological 
effects of the metal alone or to inorganic salts of the metals. For 
example, tin hydride is the most toxic of all hydridijs so far investigated, 
whereas metallic tin and tin salts are apparently without any signifi- 
cant harmful effect on the organism.’^®'* However, lead and its many 
compounds are generally toxic;. 

General biological ai)plications of organomctallic compounds have 
been surveycxl recently.*^® Indirect but significant contributions of 
organomctallic compounds in biological problems have bc'en their 
application in studic's of reaction mechanisms and in procedures con- 
cerned with tlui structure! and preparation of compounds like \’itamins, 
hormones, carcinogens, and other biologically pc^nt materials. 


APPLICATIONS 

Undoubtedly the greatest value of organomctallic compounds is 
their laboi-atory us(! for synthessis. The; most important technical 
application is that of teliaethyllead as an anti-knock compound.’® It 
is doubtful that any other grouj) of organic comi)ounds combines at the 
same time an astonishingly high utility in the laboratory with an equally 
low usefulnf*ss in the woiks. With increasing reductions in the cost of 
metals and lh(,'ir salts and with ix'we'r solvents or with techniques to 
redu(;e the need of solvents, it is rather likely that industrial uses for 
organomctallic compouirds will expand. 

Organomctallic; (;ompounds provide; an excellent bridge between 
inorganic and organic chemistry. The <;ontributions of organomctallic 

(a) Levaditi and T.upinc, Compt. rend., 193 , 404 (1931). {h) Slotta and Jacobi, J, 
prakt. Chcm.y 120 , 249 (1929). (r) BischofT and co-w®orkcrs, J. Pharmacol., 34 , 85 (1928) ; 
Krause, Bcr., 62 , 135 (1929). (d) Paiicih and Joachiinoglu, Bcr., 67 , 1925 (1924); Stock 

and Guttmann, Bcr., 37 , 885 (1904). 

Gilman, Science, 93 , 47 (1941). Among the good books containing accounts of the 
physiological action of metals and their compoundvS arc: Hefftcr and Heubner, “Hand- 
buch der experimentellen Pharmakologie,” Berlin (1935) ; and Fischl and Schlossbergor, 
“Handbuch der Chemothcrapie,” Leipzig (1934). 

* Tetraethyllead also has a catalytic effect on various reactions: Gilman and St. John, 
Hec. trav. chim., 49 , 222 (1930) ; Vaughan and Rust, J. Org. Chem., 6 , 449 (1940). 
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compounds to inorganic chemistry have been significant, but less 
numerous than to organic chemistry. There arc occasional syntheses 
and analyses of inorganic compounds by means of organometallic 
compounds, but the outstanding uses have been on problems con- 
cerned with valence, atomic structure, chain reactions via free radicals, 
and correlations of physical properties.*'’® 

In addition to the synthetic applications in organic chemistry, 
organometallic compounds have found extensive application in analysis 
(the Tschugaeff-Zerewitinoff procedure) and in the characterization by 
derivatives of somci (ilasses of organic compounds. Organometallic com- 
pounds have been used to broaden our knowh'dge of many reaction 
mechanisms such as 1,4-addition, allylic rearrangerncnits, rubber vul- 
canization,*®* and reduction by sodium and alcohol, as well as many of 
the condensations effected by sodium.’®^ Several series of radicals and 
compounds have been dc^veloped by means of organometallic com- 
pounds: th(‘ series of radicals based on hydrog(;n chloride ekiavage; the 
series of functional groups arrang(‘d a(!cording to relative reactivities; 
and the scries of extrenu^ly weak acids. 

Biologically, the organoiru'lallic compounds have found use as 
pharmaceutical agents and insecticidcis.'*® Perhaps the most suggestive 
idea from a biological viewpoint is that by Willstatter *®®“ on chlorophyll: 
the magnesium linkage in chlorophyll may rc'scanble that i)resent m 
Grignard reagents and b(i a significant point of n’action with carbon 
dioxide in jdiotosynthesis.*®®® One may then speculate that some of the 
subsequently necessary reductions and (condensations heading to carbo- 
hydrates may also involve Grignard-like tiansformations. To con- 
tinue speculatively, the biologically important catalyst for .synthesis, 
hemoglobin, may function as an oxygen carriccr, possibly by means 
of peroxide formation due to an organoiron comi)l(!X.*®®'= 

From the viewpoint of organic chemistry it is quite likely that some 


(a) V. Grosso, Z. anorg. allgem. Chem., 152, 133 (1920). (h) Jones, Evans, Giilwoll, 
and Griffiths, J. Chem. *Soc., 39 (1935) ; Tereniii, ./. ('hem. Phi/s., 2, 441 (1934) ; Thompson, 
Chem. Soc., 790 (1934) ; Thompson and Frewing, Nature, 136, 507 (1935) ; Garziily- 
Janke, J. prakt Chem., 142, 141 (1935); Pai, Proc. Roy. Soc. {London), A149, 29 (1935) 
[C. A., 29, 3913 (1935)]; Thompson and Linnctt, Trans. Faraday Soc., 32, C81 (1936) 
[C. A., 30, 4371 (1936)]; Brockway and Jenkins, J. Am. ('hem. Soc., 68, 2036 (1936); 
Smyth, J. Org. Chem., 6, 421 (1941). See, also, Dermer, ('hem. Rev., 14, 385 (1934), for an 
excellent correlation of organometallic; compounds with metallic salts of alcohols and 
alcohol analogs. 

Midgley, Henne, and Shepard, J. Am. ('hem. Soc., 66, 1156 (1934). 

Chclinzev and Osetrova, Ber., 69, 374 (1936). 

(a) Willstatter, Ann., 360, 64 (1906). (5) It is interesting to note that recent studies 
[Ruben and Kamcn, J. Am. Chem. Soc., 62, 3451 (1940)] report the isolation of high- 
molecular- weight acids from photosynthetic reactions, (c) See Kunz and Kress, Ber.^ 
60, 367 (1927), for an indigo-iron complex which takes up and gives off oxygen. 
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of the significant contributions of organonietallic compounds in the 
near future will continue along synthetic liiu\s but on a broader basis 
of more highly seh^ctive preferential reactions with compounds having 
polyfunctional groups. The gradations in properties of organometallic 
compounds appear to be such as to warrant the expectation of moi'e 
selective reactions. Obviously, newer types of organometallic com- 
pounds should h(*lp bridge some of the present gaps in effecting prefer- 
ential reactions. One may pi-edict that organometallic compounds 
of all the metals will be prepared. The dev(‘lopm(^nt of organometallic 
chemistry has providc'd numerous hy})otheses concerning the limits of 
preparation of these compounds. Gi-adually, the hypotheses have hven 
narrowed down so that feuver and fc^wer rnc'tals are in(*luded in the 
groups which are said to 1)0 incapable of foj-niing organonK'tallic com- 
pounds. Some of th(\s(' earlicn* hy]>othes(\s have b('eii useful in pointing 
out those organometallic^ (‘ompounds whi(‘h will bc^ i)r('pared with diffi- 
culty; otluT hyi)oth(\ses have undergone revision nc'cc'ssitated by the 
preparation of organometallic compounds the existence of which had 
been denied. 
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INTRODUCTION 

History of Free Radicals. During the early decades of the nine- 
teenth century the idc'a of radicals, introducc'd by Lavoisier in 1785, 
played an important part in the development both of the theoretical 
and experimental sid(; of organic chemistry. Several prominent investi- 
gators, among them Liebig, expressed the conviction that radicals like 
methyl and ethyl could be and woixld be isolated in a free state. Experi- 
mental evidence in favor of this view was not lacking. In 1815 Gay- 
Lussac ^ prepan'd cyanogen gas, and, when analysis showed the gas to 
have the composition CN, it was be'lie'ved that the' free cyanogen radical 
itself had been obtained. In 1841 Bunsen ^ rc'porte'd the isolation of the 
free cacodyl radical (GH 3 ) 2 As from the reaction betwe'on cacodyl 
chloride (CH 3 ) 2 AsCl and zinc. Frankland * (1848-1850) produced what 
he believed to be fres' ('thyl by abstracting th(^ halogem atom from ethyl 
iodide by means of zinc, and in like manner h(' prepai'cd “methyl” and 
“amyl.” Similar “radicals” were obtaiiu'd by Xolbe by electrolysis of 
the salts of fatty acids. In 1850 Frankland announced that the isola- 
tion of these “radicals” disposed of all doubt as to their actual 
existence. 

It was not until 1864, after Gannizzaro had made (4ear the distinc- 
tion between atoms and molecuh's, that it was shown that the so-called 
radicals, cyanogen, cacodyl, methyl, and th(' like, had molecular weights 
double that of the radical and w(‘ic comjxounds of the ty])e N(' — CN, 
(CH 3 ) 2 As — As(CH 3 ) 2 , and CII 3 — CIls. With the advent of the struc- 
tural theory bas('.d on thc' unvarying quadrivahmee of caibon, it was con- 
sidered that radicals were incapabh* of existence*, and this view was held 
for the iK'xt forty years (1860-19(K)). It is true that Nef in the last 
decade of the* ninetc'cnth ccaitury sought t o ixi'ovc* that frt'C* radicals, espe- 
cially those containing bivalent carbon, wei'e intermediates in chemical 
reactions, but the* general opinion was given (ixpression in Ostwald’s 
comment in 1896, “It took a long time before it was finally recognized 
that the very nature of the organic radicals is inherently such as to pre- 
clude the possibility of isolating them.” 

Four years later (1900) M. Gomberg at the University of Michigan 
announced the discovery of the free radical triphenylmethyl (C 6 H 6 ) 3 C. 

* Gay-Lussac, Ann. chim., 96, 156 (1815). 

® Bun.sen, Ann., 37, 31 (1841). 

5 Frankland. Ann., 71, 171 (1849); 74, 41 (1850); 77, 231 (1851). 

‘ Kolbe, Ann., 69, 257, 279 (1849). 

* Nef, Ann., 270. 268 (1892) ; 287, 265 (1895) ; 298, 202 (1897). 
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The goal of the earlier chemists had been attained. More important, 
howev(',r, than simply marking the end of the quest for free radicals, the 
discovery of triphenylmethyl initiated the study of a most important 
type of compound of significance in all branches of chemistry. 

Discovery of Triphenylmethyl. In 1897 Gomberg® had succeeded 
in synthe.sizing tctraphenylmethane (CgH 5 ) 4 C for the first time. This 
hydrocarbon yielded a tcitranitro (h'rivative which, unlike tin; nitro 
derivative of triphenylmethane, gave no color with an alcoholic solution 
of potassium hydroxide. In order to determine w^hetluir this tcist was 
reliable for detecting the pniseuce or absenc(i of a hydrogc'n atom on the 
methane carbon, Gomberg ’ decided to ]n-epare the completc'ly phenyl- 
ated etharx', hexaphenylethaiie (CoHrOsC— (.'(CV,Hr,);,, aud learn the be- 
havior of its hexanit,ro d(>rivative with alcoholic potassium hydroxide. 
It scummed that this hydro(!arbon ct)uld be made easily by interaction of 
trii)hcnylchloromethane and a mcital. 

2 (CoH 6 ) 3 C-C 1 + inctol -> (CgHsIsC— CCCcHb), + metal halide 

heating a benzene solution of triphenylchloromiithane with silver 
he obtained a (;olorl(‘ss solid whose high incdting point and sparing 
solubility were analogous to the propeitii's of t('tiaph('nylmcthan(\ Re- 
peated analysis, howi'ver, indicat{'d that tlu* compound contained oxy- 
gen. That this conclusion was correct and, furth(umor(', that the 
oxygen (^ame from the air W('re shoAvn by running tlu; reaidion in an at- 
mosplx're of carbon dioxide. Und('r these conditions the oxygen com- 
pound did not form and evaporation of tlu' solution yielded a crystalline 
hydrocaibon whose composition corresponded to that of h('xaph('nyl- 
ethane. Tlie sanx' hydrocarbon was isolated wlxai the silver was replaced 
by menniry or zinc. 

The i)ro{)erti('s of the hydrocarbon were entiiel}' diff(!rent fj-om those 
of a sul)stituted (dhane. Gomberg report ('d: “The compound is ex- 
tremely unsaturated. A solution of it in benzene or in carbon disulfide 
absorbs oxygen with great avidity and gives an insoluble oxygen com- 
pound. It absorbs chlorine, biornine and iodiix'. . . . The expt'rimental 
(widence . . . forces me to the conchision that we have to deal here with a 
free radical triphenylmethyl (CVJI.’-.IhC — • On this assumption alone do 
the r(!sults Ix'come intelligible and recadve an adequate explanation. The 
action of zinc results, as it seems to me, in a mere abstraction of the 
halogen. 

' GoinberK, Brr., 30 . 204.3 (1897) ; J. Am. Chrm. Soc., 20 . 773 (1898). 

' Gouiborg. ibid.. 22. 707 (1900) ; Bcr., 33. 3150 (1900). 
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+ ZnCU 


Now, as a result of the removal of the halogen atom from triphcnyl- 
chloromethane, the fourth valence of the methane is bound cather to take; 
up the complicated group (C 6 H 5 ) 3 C — or remain as such, with carbon as 
trivalent. Apparently, the latter is what happens.” On this basis the 
extreme reactivity of the hydroc^arbon was easily explained: the trivalent 
carbon tends to become quadrivalent and does so by combining with 
other compounds. 

2(C6ll6)3C + I 2 2(C6Tl6)3C— I 

2(C6H6)3C + O 2 (C6TIb) 3C— O— 0— C(CJ-l5)3 

Chemical reactions alone could not ('xclude tlie hexai)henyk'thane 
structure, and so determinations of the mol(!Cular weight w('re em])loyed 
to decide whether th(! hydrocarbon was a free radical oi- its bimolecular 
form. The results indicated that the colorless solid hydrocarbon was 
hexaphenylethane, which in solution dissociates into triphenyhnethyl 
radicals until an equilibrium is established. 

2(C6H5)3C (C6Hb)3C— C(C6Hb)3 

The identical equilibrium mixture was obtained from both directions: by 
association of the fnu! radicals as they were* foimed from triphenyl- 
chloromethane, and by dissociation of the previously isolated hexa- 
phenylethane. 

The important observation was made t hat tin' free radicals are colored 
while the hexaphenylethane is colorle.ss, and this [)rop(M ty of color proved 
useful in observing the progress of dissociation and in detecting tlu* 
presence of the free radicals. When the colork^ss hexaphenylethane is 
dissolved, the solution remains colorle.s.s for a h^w set^onds and thcai begins 
to turn yellow. In a short time the color reaches a permanent intensity 
as the equilibrium point is reached. With certain concentrations, it, is 
possible to remove the yellow color by reaction of the free radicals wit h 
oxygen and then observe the regeneration of the color as more free radi- 
cals are formed by dissociation. 
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A large number of hexaarylethanes were prepared which contained 
a variety of aryl groups, and it was found that all of them possessed the 
property of dissociating into colored free radicals. With the establish- 
ment of the actual existence of free radicals which contain carbon linked 
to only three groups, investigations were launched to determine whether 
other elements could function in a similar manner. These ventures were 
successful, and free radicals are now known in which nitrogen, oxygen, 
and sulfur arc linked to an abnormal number of groups. 


FREE RADICALS WHICH CONTAIN CARBON LINKED TO THREE GROUPS 

Triarylmethyls 

Nature of the Free Radicals. Free radicals such as the triarylmethyls 
ar{' nf'utral molecules, which, unlike ions, do not possess a charge. The 
dissociation of a hexaarylethjiiie is a non-ionic process in which the shared 
pair of ('k'ctrons between the ethane carbon atoms becomes divided 
equally between the two radicals, a process similar to the formation of 
two neutral atoms from a diatomic molecule. As a result a triarylmetbyl 
radical contains an unpaired (dectron. 


IbiCzCIla 2R3C- 

The ions of the triarylmethyl group nisult by ionization of certain salts 
as llaCX(lt = aryl; X = sulfate, nitrate, etc.) which give the cation 
and KyCNa which yield the anion (RaC)”. lOlectronically 
(p. 1928) the three s])t'cies— -cation, free radical, and anion — may be 
represented as follows: 


1 

+ R 


: 0 

R : C* 

; 0 : 

kJ 

R 

. J 

Tiiiiryl methyl 
cation 

Triarylmethyl 

I adicul 

Triarylmethyl 

anion 


The ions do not. exhibit the unsaturated behavior of the neutral free 
radicrals. Frequently the color of the ions differs fi'om that of the corre- 
sponding fr(‘e radical; thus, the triphenylmethyl anion is intensely red 
while the triphenylmethyl radical is yellow. 

It is almost universally trut; that molecules contain an even number 
of electrons and as a result are diamagnetic. Among the inorganic com- 
pounds only a few (among them NO, NO 2 , and CIO 2 ) contain an odd 



586 


ORGANIC CHEMISTRY 


number of electrons. Such compounds (called '‘odd molecules^^ by G. N. 
Lewis ®) are paramagnetic (i.e., they are attracted by a magnet) in virtue 
of the magnetically non-compensated electron. Indeed, free radicals 
have been defined as compounds which contain magnetically non-com- 
pensated electrons.® This propcirty of paramagnetism has proved useful 
in detecting free radicals, and it serves as a basis of one of the methods 
employed to determine the degree of dissociation of hexaarylethanes 
(p. 587). 

According to the modern theory of resonance (p. 1979) the odd elec- 
tron does not remain on the central carbon atom but can resonate among 
nine other positions (the six ortho and three para positions of the threes 
phenyl groups). These ten structures contribute to the resultant res- 
onance state. Several such structures are shown in the following 
formulas: 



This resonances leads to an increased stability of the free radical. 

Mention has been made of the color of the triarylmethyls. Gomberg 
attributed thes color to the presences of a quinoiei fe>rm e)f the free radical 
which is in equilibrium with the beuizesnoiel form. Evidences in favor of 
quinoidation was adduceei from a study of the action of silver on diphenyl- 
p-bromophcsnylmethyl and related ese^mpounds.^^ The colorless com- 
pound diphenyl-p-bromoiDhenylmethane (or the carbinol or alkyl ether) 
which is not subject to quinoidation loses no trace of its bromines when 
shaken with me'tallic silver. From the esorresponding radical, he)wesver, 
the bromine is readily removed, and this is explained on the basis of the 
equilibrium between the two forms. 



® I^ewis, “Valence and the Structure of Atoms and Molecules,” Chemical Catalog Co. 
New York (1923) ; Chem. Rev,, 1, 231 (1934). 

® Kuhn, Naturwissenschaften, 22, 808 (1934). 

Gomberg, Ber,, 40, 1847 (1907) ; Gomberg and Blicke, J, Am, Chem, Soc., 46, 1766 
(10231. 
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In the quinoid form the bromine atom, no longer held by an aromatic 
carbon, is sufficiently reactive to combine with the metal. The fact 
that the same light absorption is shown by an ether solution of triphenyl- 
methyl and ether solutions of benzoquinone, quinonemonoxime, and the 
like is considered to be confirmation of the quinoid structure. 

According to the resonance tlu^ory th(' quinoid form of Gomberg is 
only one of the nine similar structures contributing to the final resonance 
state. G. N. Lewis has pointed out that th(^ absorption of light in the 
visible region is a property (*.ommon to all odd molecules except nitric 
oxide.^ Recently, with Galvin, he has suggested an explanation for the 
color of the triarylmethyls in teams of the^ effect produce^d by the pre\sence 
of the unpaired clcefron. It must be admitte^d that a complete and en- 
tirely satisfactory explanation for the cole)!* is still lacking. 

A number of investigate)rs have attempteid to prepare free radicals 
from optically ae*tive starting materials in ordea* to de'terrnine whether 
the optical aef ivity we)uld ])e^ retaine d by (he radie‘al (p. 3S3). Persistence 
of the e)ptical activity we)uld me\an that the unshared eleeiron can pre- 
serve the tetrahe^dral configuratie)n e)f the me)lecule. In one e^xperiment 
triphenylmethyl was used to libea*ate pheaiyl- 7 >biphenyl-a:-naphthyl- 
methyl from optically ae‘tivc /-j)heaiyl- 7 >biphcnyl-a-naphthylthioglycollic 
aeid. 


CfilsN 


p-C6ll6C6n4-'C— SCIL^COsII + (CeTL)/' 
a-CioH7^ 


p-CeHsCsm— C + (C'6H5)3C— SCH 2 CO 2 H 
a-CiolIr^ 


It was found that tho optical activity of the solution disappeared as the 
l)hcnyl-p-biphcnyl-a-naphthyhnethyl radical was formed. From this 
and other results it was coiu^luded that free radicals cannot maintain 
the asymmetric configiiration.’® It should be noted that quinoidation or 
resonance precludes the existence of optically active triarylmethyls since 
the central carbon atom becomes linked by a double bond to one of the 
rings. 

Degree of Dissociation of Hexaarylethanes. Three methods have 
been employed to determine the ('xtent to which hexaarylethanes di.s- 
sociate into free radicals in solution. In the earlier work, the molecular- 
weight method was us('d. In recent years methods based on the absorp- 
tion of light in the visible region and on the paramagnetism of the free 

Anderson, J. Am. Chvvi. Soc.^ 67, 1673 (1935). 

Lewis and C 'alvin, Chem. Rev.y 26, 273 (1939). 

Wallis and Adams, ./. Am. Chem. Soc., 66, 3838 (1933). 
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radicals have been employed. In harmony with other binary dissocia- 
tion processes, the degree of dissociation of a given hexaarylethane 
depends on the three factors, temperature, concentration, and solvent. 
A check on the reliability of the methods can be applied in the form of 
the dissociation constants, which should remain constant over a wide 
range of concentration in a given solvent at the same hanperature. For 
the binary dis.sociation process, R 3 C — CR 3 <=i 2 R 3 C; K = 4a^/(l — a)v, 
where K is the dissociation constant, a the fraction of the hexaarylethane 
dissociated, and v the volume in liters containing a mole of the hexaaryl- 
ethane. 

If the molecular weight of a hexaarjdethane in solution is determined 
by the cryoscopic or ebullioscopic m(!thod, a value is oblaiiud which lies 
between that cahnilatcd for the hexaaryli4hano (il/,) and that for the 
triaryhnethyl. From this value for the apparent mok'cular wcaght {Mg), 
the fraction (a) of hexaarylethane dissoedated may lx; calculated from the 
formula: a = (Mc/Ma) — 1 ; the p(‘rcentag(^ of dissociation is eciual to lOGo. 
From a critical analysis of the data reporled by this method VValdc'u 
concluded that within certain limits sat isfactory value's for (he dissocia- 
tion constant can be obt ained in a given solvent. In some' instances, how- 
ever, there is a “drift” in the values. The molecular-weight method is 
limited in that values in a given .solvent can be obtained only at two tem- 
peratures, the freezing point and boiling point of the solvent. 

In the second method use is made of the fact t hat the solutions of the 
hexaarylethanes do not obey Beer’s law. According to this law, the 
absorption of light .should remain constant on dilution providf'd that no 
change in structure or dissociation takes place, foi’ tin' numbc'r of absorb- 
ing molecules remains the same. Thus, if a colorc'd solution contained in 
an upright cylinder is viewed from above, tln^ intensity of the; (X)lor will 
remain the same when solvent is added to the solution, because the dilu- 
tion is exactly compensated by the greater thickne.ss of the layt'r through 
which the light passes. If on dilution the intcarsity of the color increases, 
it means that the number of absorbing molecules has increased. Pic- 
card demonstrated that the color of a solution containing a mixture of a 
hexaarylethane and the triarylmethyl radicals incnaiscid in intcaisity as 
the solution was dilut(!d. That the increased color was the result of a 
simple binary dissociation process followed from the fact tliat the rela- 
tionship between the change in intensity of the color and the variation in 
concentration conformed to the Ostwald dilution law, at least in dilute 
solutions.*® 


Walden, “Chemie dcr freien Radikale,” Hirzel, Leipzig (1924). 
Piccard, Ann., 381, 347 (1911). 

1® Wooster, J. Am. Chem. Soc., 68, 215G (1936). 
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Ziegler and Ewald have made use of this relationship to determine 
the degnie of dissociation of hcxaphenylethane under various conditions. 
By measuring the molecular extinction coefficients of the colored solu- 
tions at various dilutions by means of a spectrophotometer, they deter- 
mined the degree of dissociation, using the expression a = E^jE^, where 
E^ is the molecular extinction cocffi(acnt at infinite dilution, obtained 
by extrapolation. By this method they obtained the results shown in 
Table I for hcxaphenylethane in benzene at 20°. The value of K, about 


TABLE I 

Dissociation op IlEXAPnKNYLETHANB 
V — volume in liters eont.aining 1 mole of hexaphcnylcthanc 


V 

12 5 

08 

885 

1 

25,700 

77.5 

1 

76,000 

90 

00 

Dissociation (1 ()()«). . . 

3 6 

0 6 

25.8 

100 


4.1 X 10 remained constant when the solution was diluted from 1 to 
(ilOO. 

An ineri'asi^ in teinjierature causi's an increase in the dissociation of 
hexaplu'uylethtuie. Thus, a 0.07 per cent benzene solution of hexa- 
jilu'nylethaiu! contains 18 jier cent of triiihenylmethyl at 13° {K — 2.0 X 
10~'^), about 30 pi'r (‘('ut at 30° (K = 7.84 X 10“'^), and 42 per cent at 
43° (K = 18.8 X lO”"*). Similar results witre observed in a number of 
different solvents. 

The ('ffeet of thi' solvent on the dissoiaation may be shown by a com- 
jiarison of the dissocitition constants for hexaphi'nylethane in a number 
of solvents. Tlu^ solvents and the values obtained for K X 10'* at 20° 
were: propionitrile, 1.2; ethyl benzoate, 1.7; acetone, 1.7; dioxanc, 2.5; 
bromolx'uzene, 3.7; < 'thy lene dibromide, 3.9; benzene, 4.1; chloroform, 
G.9; and carbon di.sulfide, 19.2. 

The third mc'thod of detei niining the extent of dissociation, first sug- 
gested by Taylor,^'* consists in measuring the paramagnetic susceptibility 
of a solution containing the fiei^ radical. It has been calculated that the 
pararnagneti(^ susci'ptibilit y arising from the sjiin of one unpaired electron 
should lie (‘qual to 1200 X lO^** unit per mole of free radical at 20°. 
From the olwerved magnetic susceptibility of a solution it is possible to 
calculate the concentration of the free radical and hence the degree of 
dissociation of the hexaarylethaue.^® 

Ziegler and Ewald, Ann., 473, 163 (1929). 

Taylor, ,/. Am. Chem. Soc., 48, 858 (1926). 

Roy and Marvel [ibid., 69, 2622 (1937)J have described an apparatus and procedure 
for measuring the paramagnetic susoeptibihties of solutions of free radicals by the Quincke 
hydrostatic method. 
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One of the most influential factors affecting the dissociation of hexa- 
arylethanes is the nature of the aryl groups attached to the central carbon 
atoms. This is readily apparent from a comparison of the degree of dis- 
sociation of various hexaarylethanes under similar conditions. In Table 
II are given the values which hav(! been obtained by the cryoscopic 
method in benzene (5°C.) at approximately the same concentration 
(about 0.08 molar, which corresponds to about 1-3 per cent solutions 
of the hexaarylethanes). 

TABLE II 


Dissociation of IlEXAAuyLETHANEs 


Radicals Formed 

Color of Radicals 

Dissociation of 
Ethane, “ 

Tripheiivlmethyl 

Oran f;e-y olio w 
Brown (100°) 

Deep red 

Reddish brown 

13 

Q-Phenylfluoryl 

0 

Diphenyl-p-aiiisylrriethyl 

20-25 

Diphciiyl-o-anisvlmeihvl 

25 30 

Diphenyl-i8-naphthvlni(‘tlivl 

Wine-rod 

7-9 *’ 

Dif)heiiyl-a-naphthylmethyl 

Deep red-brown 
Deep red 

Orange 

D(m‘p red-brown 
(^rang('-red 

Red ’ 

Deep violet 

28-31 ’’ 

Diphenyl- 1 -phen anthry 1 me th vl 

32-3(5 '* 

Tri-o-anisylmethyl 

Pheny 1- p-bi ph en y 1- a-n aph t h y 1 m ct h vl 

95-100 

90 100, 54“' 
13-1(5*’ 

18' 

100, 74*’, 54' 

Diphcnyl-p-biphenylrnethvl 

PheTiyldi-p-bi[)henylmethyl 

Tri-p-biphenylrru'thyl 



® Except as indicated, values are fiom Walden, "Chenne der freien Radikale,” Hirzel, T.cipzip; (1924'), 
^ Recent values obtained by Bachriiaiiii and Kloetzel [J Org Chem., 2 , 356 (1938)1; the values for 
diphenyl-/3-naphthylmethyl and diplienyl-of-naphthylmethyl are lower than those reported pieviously 
(30-35 and 55'-60 per cent, lespeetively). The lowei values have been checked by Marvel and co- 
workers (unpublished results) by mapru'tic susceptibility measurements. 

^ From magnetic susceptibility measurements at 30° by Marvel and co-workers (unpublished 
results). The value for tri-p-biphenylmethyl was obtained in a 0 0125 M solution. 

From the values in the table it is apparent that all the aryl groups, 
with the exception of the 9-fluoryl group, are more' effective than pluaiyl 
groups in promoting dissociation. Di-(9-i)henylfluoryl) is a relatively 
stable hydrocarbon; its solution is colorless at room temperature and 
contains appreciable amounts of free radicals only at higher tempera- 
tures. The 1-phenanthryl, a-naphthyl, and o- and 7 >-anisyl groujis are 
particularly effective in promoting dissociation. A fi'w hexaarylethanes 
dissociate completely in 1-3 per cent solutions; included in this group is 
hexa-p-biphenylethane.“ Paramagnetic measurements have indicated 

Suhlenk, Wcickel, and Herzensiein, Ann,, 372 , 1 (1909). But see Bachmann and 
Kloetzel (note b of Table II) and Marvel who were unable to check this result. 



FREE RADICALS 


591 


that even the violet-colored solid hydrocarbon is the free tri- 7 )-biphenyl- 
methyl radical.^^ Similarly, it has been reported that tri-p-nitrophcnyl- 
methyl is a unimolecular free radical in the solid state. 

Paramagnetic measurements on a series of hexa-p-alkylphenylethane.« 
(the same alkyl group was present on each phenyl group) in which the 
alkyl gi’oups were methyl, ethyl, n-propyl, isopropyl, *rc.-butyl, and 
isobutyl indicated that these compounds dissociated to the extent of 
about 15-30 per cent in 0.1 molar solutions in benzene at 30°.-- Undc'r 
practically the same conditions, the free radicals dii)h(myl-p-cycloliexyl- 
phenylmethyl and phcmyldi-p-cyclohexylphcnylmethyl were formed to 
the extent of about 10 per c(5nt from the corresponding hexaarylethanes; 
at the sam(! tc'mperature but in a 0.01 molar solution of the hexaaryl- 
ethane, tri-p-cyclohexylphenylmethyl was formed to the (!xtent of 50 i)er 
cent. From these results it is evident that alkyl groups in the para 
position nave a markini effect in ui creasing tin; dissociation of hexa- 
phenylethane. 

An interesting comparison of the efTe(!t of alkyl groups was obtained 
by det(!rmining the degr(« of dissoedation of a seri(>s of s;/r/?.-di-(alkyl- 
j)henyl)-tetraphenylethanes (about 0.1 molar benzene solutions at 30°) 
which differed in the nature and position of the alkyl group. The larger 

TABLE III 


.S'J/ff!.-Dl-(ALKVLPHENYL)-TETKArHENVLKTnA.NES 


Alkyl Group 

Dissociation, % 


5 

o-M(dliyl 

25 

P'isoproinl 

8-10 

p-tcrt.-huiyl 

8-9 


groups are somewhat, more efft'ctive than the methyl gioup in promoting 
dissociation, and the methyl group is much more effective in tlu- ortho 
than in the para position; in the rncta position the methyl group has an 
intermediate effect. 

The individual groups can be arranged roughly in the follovdng order 
of influence on dissociation: 1-phenanthryl, a-naphthyl, o-anisyl > p- 
anisyl > | xanthyl > p-biphenyl > ^-naphthyl > p-alkylphenyl > 
phenyl > p-chlorophenyl > § 9-fluoryl. 

Miillcr, Miiller-Rodloff, and Bunge, Ann., 520 , 235 (1935). 

Marvel, Mueller, Hhnel, and Kaplan, J. Am. Chem. aSoc., 61 , 2771 (1939). 
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Energies of Dissociation and Activation. The heat of dissociation 
of a hexaarylethane can be calculated from the change in the dissociation 
constant of the system R3C — CR3 ^ 2R3C with variation in the tem- 
perature. The dissociation constants Ki and K 2 being known at two 
(absolute;) temperatures Ti and T 2 r(;spectively, the heat of dissociaiion 
can be calculated from the eepiation 


II R 


T,T2 

T 2 - Ti 


In 


El 

Ki 


where H represents the net in(;r(;ase in heat content of the system. 

From th(! values of the dissociation constants foi' hexaphenylethane 
in benzene {K X 10“* = 2.6 at 13° C., 7.84 at 30° C., 18.8 at 43° C.), de- 
termined by measurements of the mole(;ular extinction coefficients, 
Ziegler and Ewald obtained a value of 1 1.8 kcal. for the hc>at of disso- 
ciation. Practically the same value (10.5-12 kcal.) was obtained in nine 
different solvents. Similar rc,sult/S were; obtainc'd fn)m tlu; valiu's of the 
equilibrium constants calculated from colorimetric; data and magnetic 
susceptibility measurements.-* By the substitution of six phenyl groups 
for the six hydrogen atoms of ('thane, the carbon-carbon bond strength is 
reduced from about 70-80 kcal.*^ to 11.8 kcal., a decreas(' of about 10-1 1 
kcal. for each phenyl group. 

The rate of dissociation of hcxapln'iiylethaiK* is rajhd, although it, 
appears slow in comparison with the si)eed with which tlu' fre(' radicals 
react. If a rea(;tion is studic'd in which the rc'agent reacts pi'actically 
instantly with triphenylmethyl, tlu'n tlu' s]>e('(l of tin; ov(‘r-all rc'action 
will be a measure of the ndatively slow dissociation procc'ss. Iodine, 
nitric oxide, and oxygen (in the j)r<'.senc,(! of pyrogallol as an inhibit oi- of 
chain reactions involving the rc'action of hexaphf'nyk'thane its('lf with 
the oxygen) have be('n employed.*"”** With these n'agcnts jrracticnlly 
the same rate, corre.sponding to a unimolccular reaction —log (1 — Z) 
= kt/2.Z, where Z is the fraction of hexai)henylethan(; n'acted in time /, 
and k is the specific reaction rate constant, was obtaiiu'd. In cliloi-oform 
at 0°, k was found to be equal to 0.21. Fi-orn this the “half-life’’ or 
period of half-change of hexaphenylethane can be calculated to b(‘ 3.3 
minutes; that is, oruvhalf of the hexaphenylethane dissociated iix this 

23 Muller and Muller-Rodloff, Ann,, 521, 89 (lOof)), 

2-^ Pauling, “The Nature of the Chemical Bond,” 2nd od., Cornell Univer.^iiy Press, 
Ithaca, N. Y. (1940), gives a value 58,0 kcal. for the averagf' energy of the (tarhon-carhon 
bond; this value docs not necessarily represent the lioat of dissociation of etham^ into 
methyl radittals. 

23 Mithoff and Branch, J. Am. Chnn. Soc., 52, 255 (1920). 

2fi Ziegler, Orth, and Weber, Ann., 504, 131 (1933) ; Ziegler and Kwald, Ann., 504, 102 
(1933). 
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period when the radicals were removed as fast as they were formed. At 
10° in the same solvent the half-life was only 1 minute. 

From the rates of dissociation and their temperature coefficients the 
heat of activation of the dissociation process can be calc.ulatc^d. While 
the energy of dissociation is concerned only with the initial and final 
states and tells to what extent dissociation occurs, the energy of activa- 
tion involves the energy net^ded to break the bond and givers information 
as to how fast the reaction proceeds. From the value of /ci(0.21 at 0° C.) 
and /c 2(0.72 at 10° C.) for hexaphenylethane in chloroform, the heat of 
activation can be calculated (using the same expression as for h(\at of 
dissociation) to be 19 kcal. Although the rate (constants varied greatly 
in the nineteen different solvents which Avere used for the reactions, 
practically the sam(i valiui for the h(‘at of activation was o])tained. 

The heat of a(*tivation is larger than the heat of dissociation by about 
8 kcal.; this diffeixaict^. rc'presents tlu^ amount of activation energy re- 
quired for two moles of trii)henylmethyl to unite to form hexaphenyl- 
ethane. 

Theories of Dissociation. Numerous explanations have beem ad- 
vanced to account- for the dissociation of hexaarylethanes into free 
radicals. Why does tlu' substitution of six phenyl groups for the six 
hydrogen atoms of tdliane, which is extremely stable and shows no signs 
of disscxfiation Inflow 500°, cause the molecule to uiuh'rgo dissociation at 
room temp(‘raturc‘ or b('low? According to one of the early views, the 
I)henyl groiqjs take' up so much of the ^^aftinity'^ of the central carbon 
atom that tli(*re is little tendency for th(^ radical to combine with another 
similar molecuk'. 

Ivharasch considered that the electronegativities (p. 1072) of the 
groups w(a‘(^ of paramount imix)rtan(‘e in caiLsing dissociation. According 
to him, substitution of three electroiu'gative groups for the three hydro- 
gen atoms of the methyl group results in a displacement of the valence 
electrons away from the central carbon atom, thus making the radical 
wc^akly ekHdronegatiA c. It was considen'd that two such weakly electro- 
negati\a' radicals should not form a stable compound. The greater the 
(^le(*tron(‘gativitic*s of the substituting groups the larger the degree of dis- 
sociation of the ethane. Within certain limits there is a rough corre- 
spondence between tlu' el('(*t-ronegativity of a group and its effectiveness 
in promoting dissociation, but theie are also some striking differences. 

According to another hypothesis the size and weight of the groups 
are espc'cially responsible. In virtue of the steric hindrance offered by 
the large groups the two ethane carbon atoms are unable to approach 

Kharasrh and Marker, J. A^n. Chem, Soc,, 48 , 3130 (1926) ; Kharasch and Flenner 
ibid., 64 , 074 (1932). 
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each other closely enough to form a normal carbon-carbon bond. In 
order to account for the greater effectiveness of the phenyl group in 
comparison with the cyclohexyl group in promoting dissociation, it was 
necessary to consider that unsaturation was essential. That unsatura- 
tion alone is not sufficient was indicated by Marvel’s work on ethanes 
containing the highly unsaturated ethynyl groups. Even hexa-(tert.- 
butylethynyl) -ethane in which bulky unsaturated groups are present 
exhibited no dissociation. 

At the present time it is perhaps generally considered that the dis- 
sociation of the hexaaryl(;thanos is more or less adequately explained on 
the basis of resonance and steric hindrance. While most theories 
account for dissociation on the basis of a weakened carbon-carbon link- 
age, Pauling and Wheland considered the strength of the bond in 
hexaarylethanes to be the same as that in ethane (70-80 kcal.). Accord- 
ing to them, dissociation is due not to the weakness of the ethane linkage 
but to the stabilization of the free radi(!als as a re.sult of resonance. In 
the triphenylmcthyl radical there arc more possibilities for resonance 
than exist for the triphenylmethyl group in the hcxaphenylethane, for in 
addition to having the resonance of the group the radical can resonate 
among nine additional structures in which the unpain'd electron is upon 
the ortho and para positions of the bcaizene rings (p. 1980). Resonance 
among these structures increases the resonance caiergy of the system 
(resulting in a lower energy contcMit of the re.suhant hybrid stru(.‘tiir('), 
and this increase compensates for the energy i-cHpiired to break the caj- 
bon-carbon bond. With p-biphenyl or a-naphthyl groups attached to 
the central carbon atom the numl)er of n;sonance i)ossibilities is in- 
creased, and with a sufficient number of these groups present tin; extra 
resonance energy may amount to the energy of the carbon-carbon 
linkage. 

Although the results of the calculations of the resonance (iffect ar(' 
qualitative in nature, partly perhaps because of certain assumptions that 
must be made, such as a planar molecule, it is significant that the calcu- 
lated values are of the right order of magnitude. Moreover, the calcu- 
lations give the right order for the relative effectivene.ss of various groups 
in promoting dissociation, namely, a-naphthyl > p-biphcnyl > /3- 
naphthyl > phenyl. From similar consid(;rations. Ingold ** has predicted 
the following order for the groups in promoting radical stability: 9- 
phenanthryl > a-anthryl > a-naphthyl > ^-naphthyl > p-bijAenyl > 
m-biphenyl > phenyl. From the standpoint of te.sting Ingold’s i)redic- 
tion in regard to the 9-phenanthryl group, it was unfortunate that the 

Pauling and Wheland, J. Chem. Physics, 1, 3G2 (1933). See also Hviekol, Z, Physik 
83 , 632 (1933) ; Ingold, Ajin. Repts. Chem. Sue., 25 , 152 (1928). 

Ingold, Trans. Faraday Soc., 30 , 52 (1934). 
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free radical 9-phenanthryldiphenylmethyl decomposed too rapidly to 
allow measurement to be made on it.” 

From a study of the heats of oxidation and hydrogenation of tii- 
phenylmethyl, Bent ** has concluded that the bond in hexaphenylcthane 
is weaker than that in ethane by about 30 kcal., and he attributes the 
weakening effect to steric hindrance. As will be mentioned later, 
certain alkyl groups when attached to the central carbon atom are 
effective in promoting radical stability; thus, the tert.-butyl group is as 
effective in this respect as the phenyl group. This may be explained in 
terms of a steric effect or on the basis of resonance in the alkyl group as 
Wheland ” has done. The latter explanation might be used to explain 
the effect of poro-substituted alkyl groups in promoting radical stability 
but would be inadequate to account for the much greater effect of the 
alkyl groups when situated in the ortho positions.®* In the latter case the 
steric effect is probably predominant. 

Further investigations are desirable in order to determine the exact 
contribution made by resonance and by steric effects in promoting the 
dissociation of hexaarylethanes and to determine whether sonn? other 
factor in addition to those is operative. 

Preparation of the Free Radicals. More than a hundn'd compounds 
have been prepan'd, many only in solution, which dissociate into tri- 
arylinethyl radicals. Most of the compounds that have been isolat'd are 
colork'ss, or n('arl}' so, in the solid state, and it is generally assumed that 
the solid compound is the hexaarylethane. A few free radicals them- 
s<'lves, notably tri-^j-biphenylrnethyl, phenyl-a-naphthyl-p-biphenyl- 
methyl, and tri-p-nitroj)henylmethyl, have been isolated in the form of 
color(*d crystals. 

llin'c geiK'ral methods have been employed to prepare solutions 
containing the triarylmethyls from which tin; hexaarylethane may be 
isolated: (1) by reaction of a triarylchloromethane with a metal; (2) by 
n'duction of a triarylinethyl salt; (3) by abstraction of the metallic atom 
from the salts R3CK. 

1 . The classical method of Gomberg, which is most frequently used, 
consists in abstracting the halogen from a triarylinethyl halide, usually 
the chloride. The triarylcarbinol can be prepared generally from a 
ketone and a Grignard reagent or from an ester and two moles of a 
Grignard reagent. The triarylchloromethane is formed by reaction of 
the triarylcarbinol with acetyl chloride or with dry hydrogen chloride. 
In this manner triarylchloromethanes containing substituted phenyl 
groups and different aryl groups can be prepared. 

Barhmann and Klootzel, .7. Org. Chrm., 2, 35G (1937). 

Bent and Cuthbertson, J, Am, Chvm, Soc., 68, 170 (193G). 

•» Wheland, J, Chem, Phya., 2 , 474 (1934). 
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A benzene solution of the triarylchloromethane is shaken with 
mercury or “molecular” silver (prepared by electrolytic precipitation of 
the metal from silver chloride) at room temperature for several days.®® 
Other metals such as zinc, copper (with heating), and sodium have been 
employed, the last also in liquid ammonia.®^ By concentrating the fil- 
tered, colored solution the hexaarylcthane is obtained. Generally speak- 
ing, the essential conditions for the reaction are exclusion of all moisture 
in order to prevent hydrolysis of the halide, absence of oxygen, exclusion 
of acids, and protection from light. The reasons for these precautions 
will be clear from a study of the chemical properties of the triarylmethyls. 

2 . It is generally considered that the intense color's of solutions of 
triarylcarbinols in alcohol or acetic acid containing a mineral acid are due 
to the formation of ionizable halochromic salts, RsCOH -f HX — > 
(RaC)'*' -h X~ -|- H 2 O. The nrnitral free radical can be produced from 
th(! ion by means of certain soluble reducing agents as vanadous (hloride 
and titanous chloride just as metals may be precipitated from solutions 
of their salts by suitable reducing agents. 

(R3C)+ + V++ ^ RsC + V+++ 

As a rule the hexaarylcthane priicipitates out of the solution as it is 
formed by association of the free radical. By this reacition Conant and 
co-workers ®®’ ®® havr; isolated certain hexaarylethanes, such as therse 
containing dimethylamino groups, which are diffirailt or impossibk' to 
prepare by other m(;thods. 

3. The third method is generally employ(“d when the chloride; is not 
obtainable and has found its chi(>f application in tin; preparation of free 
radicals other than the triarylmethyls. In this nu'thod the mcithyl etlu'r 
of the carbinol is cleaved by metallic potassium to give the organopotas- 
sium derivative from which the potassium is abstraett'd by means of 
tetramethylethylene bromide ®^ (ethylene dibromide tends to split off 
hydrogen bromide). 

RaCOCIIs -h 2K R3CK + KOCH3 
2R3CK -I- (CH3)2CBrCBr(CH3)2 R3CCR3 + (CH3)2C=C(CH3)2 + 2 KBr 

Chemical Properties. The triarylmethyls in solution differ widely in 
stability, the least stable being those with OH, OCH 3 , NO 2 , and N (CH 3)2 
groups. Some radicals retain their unsaturated character for months, 

Gomberg and Schoepfle, J. Am. Chern. Soc., 39 , 1652 (1917). 

Kraus and Kawamura, ihid.y 46 , 2750 (1923). 

Conant and Sloan, ibid., 47 , 572 (1925) ; Conant, Small, and Taylor, ihid., 47 , 1959 
(1925). 

36 Conant and Bigelow, ibid., 63 , 676 (1931). 

37 Ziegler and Schnell, Ann., 437 , 227 (1924). 



FREE RADICALS 


597 


others for only a few hours, and some decompose spontaneously in a few 
minutes. This instability makes it extremely difficult to work with 
certain free radicals. 

For the most part the products of the d(‘composition of the radicals 
arc not known, but sometimes it has been possible to determine the 
nature of the reactions that take place from the products which have 
been isolated. Polymerization, reduction, and oxidation are some of the 
reactions that take place, often spontaneously. Certain of these reac- 
tions are hastened or initiated by li^ht, heat , or acids. Thermal decompo- 
sition of triphenylraethyl in boilinp; xylene yicdds highly colored un- 
crystallizable oils as the chief product in addition to a small amount of 
triphenylniethane. 

Disprayorlionalioii and Irreversible Dimerization. One of the char- 
acteristic reactions uruh'rgone by all fre(' radicals is disproportionation, 
in which on(' mok'cule of the radical becomes reduced at the expense of 
another molecule which Iw'coines oxidized. This reaction with the tri- 
aryhnethyls is ])roniot('d (‘specially by light. If a solution of triphenyl- 
nK'thyl is (‘xposed to sunlight, the yellow color of the solution gradually 
fades as disproportionation takc's place. 

O 

-C— H 


The pi’oducts are triphenylmethane and 9-phenyltluoryl (which at I’oom 
t(‘mperature associates completely to the hexaaryk'thane). 

Ti'i-p-tolylmethyl rapidly disproportionate's to yic'ld a mixture of tri- 
p-tolyhuethan(' and a quinoid compound which undergoes polymeriza- 
tion.'*'* 



Marvel, Rieger, and Mueller, J. Am. Ckem. Soc., 61 . 2769 (1939). 
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This reaction appears to be characteristic of hexaarylethanes containing 
a para-substituted alkyl group which has a hydrogen atom on the a 
carbon atom. 

Another characteristic reaction of triarylmethyl radicals is the irre- 
versible dimerization to an isomer of the hexaarylethane ; with triphenyl- 
methyl the product is p-benzohydryltetraphenylmethane. 

2(C6H5)3C (C6ll6)2CH— ^""^ - 0 ( 06116)3 

This reaction takes place especially in the presence of mineral acids, 
even traces of the acid sufficing to produce the change. Treatment of a 
benzenes solution of triph(‘nylmethyl with dry hydrogem chloride; or even 
shaking the solution with an aqueous concentratc'd solution of hydro- 
chloric acid converts the radical to the dimer. To a slight extent the 
triphenylmethyl is converted to a mixture of equal parts of triphenyl- 
methanc and triphenylchloromethane. 

2(C6H5)3C -f- HCl (CellolsCH -t- (C6ll6)3CCl 

This type of reaction is the principal one occurring with some radicals, 
for example diphenyl-a-naphthylmc'thyl. 

Addilion Reactions. One of the most remarkable prop(;rties of the 
triarylmethyl radicals is the rapid absorption of atmospheric oxyg(’in to 
form colorless triarylmethyl pcjroxides.^* 

2(C6H6)3C + O 2 (C6ll6)3COOC(C6H6)3 

If the solution of the free radical is shaken with excevss of oxygen, the 
absorption of oxygen is complete; in a minute or two at room tempera- 
ture. Since the volume of oxygen that is absorbed corresponds roughly 
t(j the amount demanded by the equation, the reaction has b(;en u.sed to 
detennine the purity of a given sample of triarylmethyl. The peroxides 
are usually crystalline compounds that can be isolated from the reaction 
mixture. Even when the free radical decomposes rapidly, the peroxides 
can often be obtained; invariably this can be done by shaking the tri- 
arylmethyl halide with silver in the presence of oxygen. 'The reaction 
with oxygen serves as a convenient test for triarylmethyl radicals. 

Another striking reaction of triarylmethyls is the combination with 
iodine at room temperature. The iodine adds to the carbon atom and a 
triarylmethyl iodide is formed. 

2(C6ll6)3C -f I2 2(C6H6)3CI 

Gomberg and Cone, Ber., 37 , 3538 n904). 
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The reaction is reversible, and the equilibrium that is reached varies 
with the particular compound, but usually corresponds to 60-80 per 
cent formation of the triarylmethyl iodide in 2-3 per cent solutions. 

Triphenylmethyl is reduced by hydrogen although not rapidly; in 
the presence of platinum black, hydrogen is absorbed and triphenyl- 
methane is formed. The same product results when the radical is treated 
with zinc and acetic acid. 

2(C6ll6)3C + H2(Pt) 2(06115)3011 

Triphenylmethyl is capable of abstracting hydrogen atoms from phenyl- 
hydrazine, phenol, and hydra zobenztme. 

2(06ll6)3C -f OoHftNHNUz (06115)3011 + 06Tl5NIINH0(06H6)3 
2(06H5)30 -f OsIIbOH (06Hb).30H -|- (06H5).-,0— OH 


2(06ll6)30 -b CcHBNHNH06nB 2(C6 Hb) 3CH -f 06 IIbN==NC6H6 

Sodium, in the form of sodium powder or amalgam, adds to tri- 
phenylmethyl in ('th('r-benz('ne or in liquid ammonia and gives the 
intensely red triphenylmethylsodium 


(OoHbIsC + Na (OeHslsONa 


The Grignard reagent triphenylmcthylmagnesium bromide can be 
obtained in (juantitativc yield by j'eaction of triphenylmethyl w’ith a 
mixture of magnesiunr and magnesium bromide in anhydrous ether and 
benzene.^® 

2(06Hb) 3C -b Mg -b MgBra 2(06H5)3CMgBr 

Two molecules of triphenylmethyl add to one of quinone and form 
the ditriphenylmethyl ether of hydroquinone. 


:(06Hb) 3C -b 0^<^^ 


=0 (CbHbIsO— 0- 



V/ 


0— 0(06H5)3 


Similar to this reaction is the addition of triphenylmethyl to un- 
saturated hydrocarbons and related compounds.^^ With isoprene, foi 

Gomberg and Bachmann, ./. Am. Chcm. Soc.^ 62, 2455 (1930). 

Coiiant and Scherp, ibid., 63, 1941 (1931). 
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e;xample, 1,4-addition of the free radical takes place and 1, 1,1, 6,6,6- 
hexaphenyl-3-methylhcxene-3 is formed. 

2(C6H6)3C + CH2=C— CH=Cn2 
CHa 

(C6llB).aC— CITz— C^CII— CHa— CCCJI bIs 
CH a 

With maleic acid ditriphenylmethyLsuccinic acid is produced. 

CHCOall (C6lT.B)aC ClICOzTI 

2(C6HB)aC +11 -> 1 

CUCOzH (CcllBlaC— CHCOzH 

Nitric oxide is absorlx'd by triphenylmethyl; the initial product is 
nitrosotriphenylmethane, (C'r.lInl.'iC'NO, which midergoes furtiier reac;- 
tion to undetermined prodiuils. Nitrogen dioxide is likewise absorbed l)y 
the free radical; tlu' products are ti-iphenylnitromethaiu! and triphenyl- 
methyl nitrites Sulfur adds to triph(‘nylm(^thyl, and polysulfidcis are 
formed. 

The triarylmethyls (ixhibit a pi'onoxmcc'd tt'iuknie.y to form molecular 
addition compU^xc's with a variety of liquids. Addition complexes have', 
been obtained from triphenylmethyl and aldehyd('s, k(+)n(‘s, esters, 
nitrik^s, chloroform, ethei's, Ix'uzeiK*, and even sat.urat.('d hydrocarbons 
as heptane, decane, and cyclohexane.'*^ Th(‘ addition compounds usually 
lose the solvent at 50-100°, l.)ut some are remarkably stable'. 

Because of the extraordinary tendency to undergo addition re'actions, 
triphenylmethyl has found ai)plication as a n'age'iit for the d(4,('ction of 
other free radicals, and to “capture” short-liv(*d free radicals which are 
formed as intermc^diates in certain chi'inical reactions. 

Reactions with T riarylmcthyl Halides and Inorganic Salts. The tri- 
arylmethyls possess a numbe^r of properties wdiicti find the'ir counterpart 
in the behavior of metals. Just as one metal can displace' another from 
its salt, so can one triarylmethyl displace; ane)ther from it s triarylmethyl 
halide. Thus, adelition of a yellow sefiution of triphenylmethyl to a 
colorkiss solution of phenyl- 7 ?-biphenyl-f^-naphthylchk)re)methane evokes 
the deep brown color of phenyl-p-biphe'nyl-a-naphthylmcthyl.'*^ The 
following reaction proeexids until eeiuilibrium is attained: 

C6Hb\^ CoHb\^ 

(C6Hb)3C + p-CbHbCoH^- CCl (CbHbIsCCI + p-CeUBCenr-C 
a-CioIl7^ a-CioHr^ 

«Gomberg, ihkl., 36, 1144 (1914); Chem. Rrv. 1. 91 (1924); 2, 310 (1925). 

Schlenk anci Herzenstcin, Ann., 394, 199 (1912). 
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Like metals, the triarylmc'.thyls are capable of reducing certain inorganic 
salts.'^'^ Silver i)erchlorate and other silver salts are l educed by triphenyl- 
methyl to metallic silver. 

(CellOaC + AgC104 iC\lh),CCKh + Ag 

Similarly, mercury, platinic^, and auric salts are reduced to the corre- 
sponding metal by the free radical. Ferric chlorides is rixluced to ferrous 
chloride. 

(C6H5)3C + FeCL (C6H5)3CC1 + FeCb 

The reverse of this type of reaction, namely, the rc'duction of the triaryl- 
methyl salt to the free radical, has already Ix'cn discuss(^d as a method of 
preparing the radicals. Conant and co-workers found that a mixture 
of a radical and its halo(*hi*oinic salt possesses a definite potential analo- 
gous to that of a metal in contact with a solution of its salt. Tluy deter- 
mined the single-(i(x*.trode ])ot(^iitials of sevei'al radi(*als at varying con- 
centrations of hydrogen ion. 

Solutions of triarylnu'thyl halides in li(]uid sulfur dioxid(3 are good 
conductors of tlu^ (i(H‘tiic- (‘uinait ; the carri(‘rs api)ear to be the triaryl- 
methyl cation and the (iilorick^, ion which are ])roduc(‘d by ionization of 
the halide, ^ On ek‘ctrolysis of tlu' solution the 

el('ctd(*ally iieut-i'al radical is formed at the cathode. Solutions of the 
frcie radicals in sulfur dioxide also conduct the enirrent, a nanarkable 
property for a hydrocarbon; no conduction is obsc‘rvx'd in benzene or in 
nitrobenzene. Th(‘ i riphenylinedhyl radical gi\'('s i ip its unpaii’cd elee^tron 
to ihi) sulfur dioxide, and triphenylmethyl cations an' formed, a proc^ess 
analogous t^o that whi(*h takes place when sodium is dissolved in liquid 
ammonia. 

{C,IU),C {C,n,),c + e 

The cation and tlu' solvatexl ('lectron, and not the' free radical, are the true 
conductors. absorption (*urve for a solution of tri])henylmethyl in 

sulfur dioxide is similar to that for a solution of triphenylmethyl bromide 
in the same solvent, and in dilute solutions the amount of triphenyl- 
methyl cation is the same from both soui’ces, radic^al and halide."^^ The 
absorpticai curve for t liphenylniethyl in etiier, in w^hi(th the radical is not 
ionized, is different from the curves obtained for the tiaplumylmethyl 
cation. 

The free radicals may be (characterized as amphoteric in nature inas- 
much as the triaryhcarbinois R^COH ('xhibit baselike properties in their 
ability to form ionizable halochromic salts with mineral acids and the 

** Gomberg and Gamrath, unpublished results, 

Anderson, J, Am, Chern, Hoc., 57, 1673 (1935). 
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corresponding hydrides R3CH are weakly acidic, forming sodium deriva- 
tives RsCNa, which yield triarylmethyl anions. 

Biradicals 

A number of compounds known as biradicals have been prepared 
which appear to contain two carbon atoms each linked to only three 
groups. A quinoid structun? has been assigned to the intensely colored 
hydrocarbons of the type of p,p'-phenylenebis(diphenylmothyl) (I) bt;- 
cause of the relative stability of solutions of the hydrocarbons to oxygen. 
Irradiated solutions, however, lose their color in the presence of oxygen, 
and it has been suggested that the biradical is formed under the influ- 
ence of light.^® Although some have considered that the violet-colored 
solid p,p'-biphenylcnebis(diphenylmcthyl) (II), which in solution rapidly 


( 06115 ) 20 =. 


0(06H6)2 


I 


(c:6H5)20=< 



>=0(06ITb)2 


II 


absorbs oxygen, exists entirely in the biradical form, measurements of its 
paramagnetic susceptibility have shown that the compound is practically 
entirely (at least 99 per cent) in the (piinoid form. In general it appears 
that the quinoid rather than the biradical structure is as.sumed whimever 
the former state is po.s.sibl(;. In order to previnit the formation of the 
quinoid form Muller and Neuhoff and Tlaiilacker and Oz(>gow.ski 
introduced large groups into the ortho positions of the liiiihenyl ring; 
since the coplanar structure is not possible, the quinoid form cannot be 
taken. As a result the compounds which they pnijiarcid exist in jiart as 
the biradicals III and IV. 


Cl Cl CIT 3 



III IV 


In the meta derivative (V), in which quinoidation is not possible, 
about 6 per cent of the biradical is present in a benzene solution at 74 °. 

Schonberg, Trans. Faraday Soc., 32, 514 (1936). 

Muller and Neuhoff, Bcr., 72, 2063 (1939). 

***rheilacker and Ozegowski, Ber., 73, 33, 898 (1940). 
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The corresponding ortho compound, 9,9,10,10-tctraphcnyldihydrophe- 
nanthrenc (VI), shows no signs of dissociation. 



Wittig and Leo have prepared 1,1,2,2-tetraphenyleyclopropane 
(VIl) in order to determine whether the ring strain would aid in ruptur- 
ing t he bond between the two (iarbon atoms holding the aryl groups. The 
compound, howevc'r, proved to be colorle.ss and stable. They have also 
prepared compounds of the type 


(Cells) 2C- 


^ — (0112) „■ 



V / 


-C\C6H6)2 


where n = 1, 2, 3, and 4. Intramolecular union of the two terminal 
\'alences is not possible when n is I or 2, and the biradicals that are 
foi-m('d show a broad absorption band like that of tri-p-biphenylraethyl. 
When n is 3 or 4, union of the valences is possible and tlui absorption 
band of the biradicals njsembles that of triphenylmcdhyl. 

The interesting red hydrociarbon 5,6,11, 12-tetraphenylnaphthacone 
(VIII) of Moureu and Dufraisse “ absorbs oxygen when ii radiatcd, and 
it has been a.ssuintid that the; light energy transforms tlui ordinary form 
of the molecule into the biradical (possibly IX), but this has not been 

Ph 

Ph 


Ph Ph 




confirmed by magnetic measurements.®' Similarly 2,3,6,7-dibenzanthra- 
(unie, a violet-colored hydrociarbon, exists compk'tely in the quinoid form 
(X) botii in solution and in the solid stato contrary to the view of Clar,®^ 
who believed it to be entirely in the biradical form. 

« Wittig and Leo. Ber., 61 , 854 (1928) ; 62 , 1405 (1929). 

Moureii and Dufraisse, BuV. soc. chim., [4] 53, 789 (191^3) ; a review of the chemistry 
of the ru bones. Dufraisse and Velluz, Cornpt, rnid., 201 , 1394 (1935) ; Allen and Gilman, 
J, Am, Chem., Soc., 58 , 937 (1936). 

Muller and Muller-Rodloff, Ann., 617 . 134 (1935). 

Clar, Ber., 66, 603 (1932). 
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CeHs 



When a solution of 9,10-diphenylanthracene is heated a color devel- 
ops, which fades when the solution is cooled. Ingold and Marshall 
ascribed the color to the biradical XI, but Dufraisse and Houpillart 
believe that the color arises simjdy from a general modification of the 
fight absorption by 9,10-diphenylanthracenc with increased temperature. 


Diarylmethyls 

sym.-Tetraarylethanes. Tht* succe.ssful demonstration that com- 
pounds can b(! prepared in which a carbon atom is linked to only thrc'c' 
groups naturally encouraged inv('stiga1ion to detennine whethc'r the 
three groups needed to b(' aryl groups. The two tetraphenyle thanes can 
be distilled (b. p. 280°) without decomposition, and no evidence of dis- 
sociation has been detected in .s 7 y//(..-letra-p-biphenylethane. In har- 
mony with thes(! results is the fact that oiu' cannot prepare a solution 
containing appreciable amounts of diplKaiylnK'lhyl radicals, (C 6 H. 5 ) 2 CH. 
As will be shown in a later section, there is evidemn; that, diphcaiylmethyl 
radicals are formcid by reaction of di])h(aiyll)romoni(>thane with silver, 
but these rapidly associate (amiifietely to form .v?/w..-tetraphenyle1han(\ 
Recently Nauta and Wuis reported that tlu' viol(!t,-r('-d solution which 
is formed by the action of silver on dimesitylbromomethane in benzene 
probably contains the free dimesitylmethyl radical, but furthcir evidence 
is required before this view can be accepted. 

In the tctraarylethanes and other compounds that will bo met with 
later we encounter what might b(! tc'rrned borthnline cases in which it 
is sometimes difficult to distinguish whether a slight dissociation occurs 
or whether the compounds sinqily poss('ss a weakened ethane linkage. 
Thus, bixanthyl (XII) does not appear to dissociate into free xanthyl 





^C6H4^ 

CH— IfC 0 

0 ' ( 


\c6H4^ 

XII 

XIII 


CHBr 


M Ingold and Marshall, J. Chem. Soc., 3080 (1926). 

Dufraisse and Houpillart, Bull. soc. chim., [5] 6, 1028 (1938). 
Nauta and Wuis, Rec. trav. chim., 57, 41 (1938), 
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radicals, yet the compound reads with bromine to give two molecules 
of xanthyl bromide (XIII), and a solution of bixanthyl absorbs oxygen 
at 150° and gives xanthone. That the ethane linkage in the two tetra- 
phenylethanes is weakened by the four aryl groups is shown by the 
cleavage of the bond by metallic potassium at room temperature. 

(C6Hb) 2CIICII(C6II6)2 + 2K 2(C6llB)2CnK 

Pentaarylethanes. The pcuitaaiylethaju's ai(' colork'ss solids which 
give colorless solutions at room teinp('i-alure.“ The solutions are rela- 
tively stable to air at i-oom tem])('ralur(', l)ut at 100° oxygen is al.)sorl)ed 
rapidly to give thci unsynunetrical triai'ylmethyldiarylmethylpc'roxidc^ 
K:!C 00 CIIR 2 as the chief jiroduct. in addition to a small amount, of 
triai’ylm('thyli)eroxid('. From a study of th(' rate of oxygen absorption 
at 80 T00° it was esta])lished that p(‘ntaphenylcthan(' in solution under- 
go('s reversible dissociation into tiiplK'nylnu'thyl and diphenylmethyl 
radicals.” 

(CcnB)3C— cii(f'ciu)» (caiBiaC + cii(caiB)2 

The rate-controlling step was found to b(' a unimolecular reaction in 
agreement with that demanded by the dissociation process. The dc'gree 
of dissociation is extremely slight, as is evident from the fact that a 
solution of pentaphenyk'thane in e-ilichlorobenzenc' is colorless even at 
95°, yet dissociation at this temperature is rajiid, the “half-life” being 
9 minutes, as measured by tin' rat.(> of reaction with oxygen and with 
iodine. At 100° the half-life of pcmtaphenylethaiu' is approximately the 
same as that of he.\a[)henylethane at 0° in tolmme, namely, about 5 min- 
utes. The heat of activation of the dissociation process was found to be 
about 28 kcal., which is about 8-9 kcal. high(a’ than that of hexai)hcnyl- 
ethane. 

The behavior of solutions of the pentaarylethanes can bo readily 
interpreted in terms of the ix'versible dissociation of the hydrocarbons 
into free radicals. When a solution of a pc'ntaarylethane is heated a 
temperature is reached at which the color of the triarylmethyl radical 
appears; this radietd becomc's visible w'hen a sufficic-nt number of the 
diarylmethyl radicals have been remov('d from the equilibrium (by 
irreversible association to ,sy«i.-tetraarylethan('). The color is not 
removed wlnm the solution is cooled, but can be discharged by oxygen 
or iodine. The temperature (70-105° for most of them) at which the 
color appears varic's with the groups present in the pentaarylethane 

Bachmann, Am. Cficm. Soc., 56, 2135 (1933). 

Bachmann and Wiselogle, J. Org. Chem., 1, 354 (193(3) ; Bachmann and Osborn, ibid. 
6, 29 (1940). 
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The groups that especially promote dissociation of hexaarylethanes, 
a-naphthyl, p-biphenyl, and p-anisyl, have a similar effect in the penta- 
arylethancs. Continued heating at 150-200°, at which temperature the 
triarylmethyl radicals are decomposed, h'ads to compli^te decomposition 
of the pcntaarylethane with formation of larger amounts of the sym.- 
tetraarylethane. The rapid reaction of pentaphenylethane with bromine 
at 100° to give triphenylbromomethane and diphcnylbromomethanc and 
the reduction of pentaarylethanes by phosphorus and hydrogen iodide 
in acetic acid (118°) to triarylmethancs and diarylmethancs are readily 
explained on the basis of the intermediate formation of the free radicals. 

The pentaarylethanes are easily obtainable through reaction of a 
diarylmothyl halide and a triarylmcthylsodium or in some cases a tri- 
arylmcthylmagnesium bromide. 

(CeHslaCNa + BrCH(C6H6)2 (CeHsl.C— CII(C6 IIb) 2 + NaBr 

An interesting synthesis of pentaphenylethane involving the “capture” 
of diphenylniethyl radicals by triph(>nylmethyl radicals is described in 
the discussion of mechanisms of reactions. 

Diarylalkylmethyls 

aym.-Tetraaryldialkylethanes. Substitution of two alkyl groups for 
the two hydrogen atoms of .s2/m.-tetrai)henylethane weakens the ethane 
bond to such an extent that the compounds are thermally unstable and 
may dissociate. spm.-Tetraphenyldimethyk'thanc' and .vpm.-tetraphenyl- 
diothylethane decompose spontaneously in solution, the latter hydrocar- 
bon more easily than the former. In this decomposition .syjn.-h'traphenyl- 
dimethylethane gives 1,1-diphenylethane and 1,1-diphenylethylene, and 
one may suppose that radicals are formed which quickly undergo dispro- 
portionation. 

(€6116)20— CHs (C 6 Hb) 2 C— Oils (C6H6)2CT1CH3 

(C 6 Hb) 2 C— Oils (C 6 IIb) 2 C— CHs (C61 Ib)2C=CH2 

The syw.-tetraaryldialkylethanes were prepared from the; methyl ethers 
of the diarylalkylcarbinols by method 3 described und(‘r the preparation 
of triarylmethyls (p. 595). This method was employed because the 
diarylalkylchloromethanes are unstable and lose hydrogen chloride to 
yield olefins. 

Secondary and tertiary alkyl groups have a greater influence than 
primary groups in weakening the ethane linkage. Thus, sym.-tetra- 
phenyldicyclohexylethane (XIV) in solution absorbs oxygen and gives a 
peroxide, as does sym.-diphenyltetracyclohexylethane, although no evi- 
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dencc of dissociation of the latter hydrocarbon has been obtained by 
physical methods. sym.-Tetraphenyl-di-ierL-butylethane (XV) appears 
to dissociate into radicals when its solution is heated above 50°, and 
s2/m.-tetra-p-biphenyl-di-/er<.-butylethane is 74 per cent dissociated in 
dilute solution into orange-red di-p-biphenyl-tert.-butylmethyl radicals 
(XVI).“ 

(CcH6)2C— CeHii (CgHb) 2C— C(Cn3)3 

I 1 

(C6H6)2C— Cellu (CcHslaC;— C(CH3)3 

XIV XV 


p-C6ll8C6n4\ 

>C-C(CH 3)3 

i-CGlIsClill/ 


XVI 


Pentaarylethyls, The tertiary Iriphcnylmethyl group sciuns to be 
more effective than any aryl group in promoting dissociation. Schhaik 
and Mark “ have reported that the yellow pentajihenyk'thyl (XVH) and 
the violet 9-(triphenylmethyl)-fluoryl (XVIII) an; unimolecular free 


CsHb. 

Cellfi 




XVIl 



radicals both in solution and in tlw^ solid statf*. The jirtiparatiou of 
pcmtaphenylethyl was carried out in thii following manm'r. 


(C6ll6)2CCl2 + 2(Coll5)3CNu (CcllGl-iCCCCGllsla -k 2 NaCl + (CgH 8 ) 3 C 

Tetraarylallyls. The unsaluraled ft /3 - diphcnylvinyl group 
(C 6 H 5 ) 2 C=CH — is esiiecially effective in promoting dissociation. Free 
radicals have been prepared in which the plu'iiyl groups of triphcnyl- 
mcthyl have been rcplai^ed by one, two, and three' of these unsaturated 
groups.® Even l,l,3,3-tetrai)h(mylanyl (XIX), which contains only one 
/3,j8-diphcnylvinyl grouji, is presc'iit to the' extent of SO jicr cent in 
equilibrium with the* bimolccular foi-m in a 2 pt'r cent; bc'nzene solution 
at 5°, and l,]-di-p-anisyl-3,3-diphcnylallyl (XX) is completely unasso- 

(C6H6)2C— Cli=C(C6ll8)2 (lI-CH30C6ll4)2C— CdI=C(C 6 H 6)2 

XIX XX 

elated under the same conditions. Phcnyldi-(/3,ftdi-iihcnylvinyl)-methyl 

Conant and Schultz, J. Am. Chem. Soc.^ 66, 2098 (1933). 

‘i® Schlenk and Mark. Ber., 66, 2285 (1922). 

Ziegler, An7i., 434 , 34 (1923) ; Wittig and Obermann, Ber., 68 , 2214 (1935) ; Wittig 
and Kosack, Ann., 629 , 167 (1937). 
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(XXI) and tri-(|8,/8-diphenylvinyl)-methyl (XXII) (which forms black 
crystals) likewise appear to be unimolecular free radicals. 


CeHsC— CH=C(C6 Hb)2 

I 

CH=C(C6Hb)2 

XXI 


(C6Hb)2C=CH— C— CH=C(C6Hb)2 

I 

CH=C(C6H6)2 

XXII 


(C6Hb)2C=CH— CH— CH=C(C6Hb)2 

XXIII 


The radical di-(|3,|3-diphenylvinyl)-mcthyl (XXIII) has only two of the 
unsaturated groups in addition to a hydrogen atom attached to thci cen- 
tral carbon atom. In these compound.s the unpaired electron can shift 
to a number of different carbon atoms other than those in the ring. 
Attempts to prepare hcxa-/3-styrylethane and di-/3-styryltetraphenyl- 
ethane were unsuccessful; only stable isomeric hydrocarbons were ob- 
tained, presumably through rearrangement.®^ 

Kohler was actually the first to observe the influence of the substi- 
tuted vinyl group on radical formation. By removing the halogen atom 
from 1,2,3-triphenylindyl bromide by means of a metal h(^ obtaiiu'd the 
1,2,3-triphenylindyl radical (XXIV). Closely relaU'd are 2,3,4-triphenyl- 
chromenyl (XXV) and pentapln'iiyleyclopentadienyl (XXVT) prepared 
by Ziegler. Tlu; last-mentioned radi(;al, which has a Ix'autifully sym- 
metrical structure, does not associate to the bimolecular form.®® 


C CoH 
/C-Cell 


6 

6 



CbJIb CbIIb 


C-C 

/ \ 


CbIIb— C\ /C— Cells 


Celle 

XXIV 


Celle 

XXV 


Celle 

XXVI 


9,9'-Dialkylbixanthyls. Conant *■* has summarized the effectiviaiess 
of various groups R in i)romoting dissociation in the substituted bi- 


^CelT4 

() 


C— C 



20 C— 11 


'^Cell/ Xtell/ XV, II/ 


xanthyl molecule by placing them in three classes as follows. 

Marvel, Mueller, and Peppel, J. Am. Chem. Soc., 60 , 410 (1938). 
Kohler, Am. Chem. J., 40 , 217 (1908). 

MUller and MuUer-Rodloff, Ber., 69 , 665 (1936). 

^ Conant, Small, and Sloan, J. Am. Chem. Soc., 48 , 1743 (1926). 
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Class I: cyclohexyl, isopropyl, sec.-butyl. 

Class II: benzyl, p-ehlorobonzyl, pn. -isobutyl, a-naphthj'^lmethyl. 

Class III : methyl, ethyl, n-butyl, n-hexyl, isoamyl, phenylethyl. 

The substituted bixanthyls which contain groups from Class I as 
R give highly colored solutions at 25°; the colors become deeper when 
the solutions are warmed and fainter at low temperatures. The sub- 
stances are unstable, and at temperatures above 60-70° the colors of the 
solutions disappear rapidly, probably through disproportionation of the 
free radicals. Solutions of the compounds absorb oxygen almost instantly 
at room temperature and usually give crystalline peroxides. 

Solutions of bixanthyls containing gi’oups of Class II become colored 
only when warnn'd to 80-100°. Even the colorless solutions absorb oxy- 
gen very rapidly at room temperature. 

The primary groups (C31ass III) are Ic-ast eff('ctive in weakening the 
ethane linkage ; solutions of bixanthyls containing these groups become 
colored only wIkui heated to about 140°. All these compounds absorb 
oxygen very slow'ly at room iemperature. It has been shown that even 
hi the colorless solution there exists a slight dissociation into alkylxanthyl 
radicals.®^ 

Conant “ has evaluated the effect of various alkyl and aryl groups in 
decreasing the heat of dissociation of the ethane linkages. The decrease 
in kilocalories (^ausc'd by the; replacement of a single' hydi ogen of ('thane 
W'as cal culab'd to be: methyl, ethyl, 5; n-butyl, 6; benzyl, 7; biphenyl- 
ene/2, 9; isopiopyl, hr/, .-butyl, phenyl, 11; xanthyl/2, 11.5; p-anLsyl, 
/3-naphthyl, 12; a-naphthyl, 13. 

Bent has st udied the addition of sodium to free radicals containing 
carbon linked to three groups, R -b Na = R~ -H Na"*". When the 
organosodium compound is shaken with mercury the reaction partially 
reverses, and from th(^ eepii librium data the free cnergj' change (p. 1794) 
of the reaction was obtained. It was found that the electron affinity of 
the free radicals was nearly the same (lG-20 kcal.) for all of them. 
From the value of the five energy Bi'nt calculated the heat of dissociation 
of dibenzylbixanthyl and diiihenylbixanthyl to be 10-17 kcal., in agree- 
ment with the values obtained by Conant. 

A roiigh comparison of the relative reactivity of certain substituted 
ethanes can be obtaini'd by the use of liquid sodium-potassium alloy 
(2 : 5) and the liquid 40 per cent and 1 per cent sodium amalgams as is 
shown in Table IV. 

Conant and Evans, ibid., 61, 1925 (1929). 

Conant, ./. Chem. Phys., 1, 427 (1933). 

Bent, J, Am. Chem. Soc.t 63, 178G (1931) ; Bent and Ebers, ibid., 67, 1242 (1935). 
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TABLE IV 

Cleavage of Substituted Ethanes by Alkaij Metals 


Substance 

Na-K 

Na-Hg 

40% 

Na-Hg 

1% 

Hexaphenylethano 

+ 

+ 

+ 

Di- 7 >n.-alkylbixaTithyla 

+ 

+ 

— 

Bixanthyl 

+ 

— 

— 

Tetraphciivk^thano 

+ 

— 

— 

Bibenzyl 


— 

— 


A plus sign indicates appieciable cleavage in 5 minutes. 


Aryl-(alkylethynyl)“ethanes. In order to determine whether unsatura- 
tion in groups is an important factor in promoting dissociation, Marvel 
has prepared a large number of ethanes containing aliphatic acc^tylenic 
groups. An interesting mcanber of the series is h(‘xa-(/rr/.-butylethynyl)- 
ethane (XXVII). Some of the hydrocarbons absorbed oxygen, and all 

[(CIl3)3C— C=C— ]3C-C[-~C=C— C(CTbO,l3 

XXVII 

of them were cleaved by the action of alkali mentals. ]\Iany of them were 
extremely unstable, decomposing or rearranging to other products even 
at low temperatures. Although in no instance was dii’ect proof obtained 
that dissociation into radicals took place, the inteniK'diate formation of 
free radicals appeared to b(i responsible for sonu^ of the rearrangemerts 
undergone by these compounds. 

Diarylacylmethyls 

5ym.-Tetraphenyldibenzoylethane. This compound behaves as 
though it dissociated into free radicals.®^ Although it was (expected that 
the compound would dissociate into diphenylbenzoylmethyl radicals 

Cellsv 

>C— C— CellB 

II 

O 

XXVIII 

(XXVIII), the reactions of the free radical are better explained in terms 
of the mesomeric form (XXIX). Thus, the free radical does not react 

Davis and Marvel, ihicl., 63 , 3840 (1931) ; Salzberg and Marvel, ibid., 60 , 1737, 
2840 (1928). 

Lowenljcin and Schuster, Ann., 481 , 100 (1930). 


Cell 


elltx 

)>c:= 

.14./ 


CeH 


=C— Celle 


O 

XXIX 
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with bromine and it adds sodium to form the sodium salt of triphenyl- 
vinyl alcohol (C 6 H 5 ) 2 C=C(ONa)(CcH 5 ). 

Diarylcarbox 3 rmethyls 

Bixanthyl-9,9'-dicarboxylic Acid. A solution of this acid or its 
dimethyl ester in ethyl benzoate beciomes colored when heated to about 
105-115°, and the color disappears whc'u the solution is cook'd.™ In tin; 
process the free radicals 9-carboxyxanthyl (XXX) (or 9-carbom(!thoxy- 
xanthyl) arc formed. Towards oxygen the compounds are much less 
reactive than the least reac^tive of tlu* 9,9'-dialkylbixanthyls. 

/C'6ll4\ 

0< >C— COOH 

X’fill/ 

XXX 

Bislactones of sym.-Diaryldi-(o-hydroxyaryl)-succinic Acids. The 

bislactone of s?/m.-(liph(‘ny]di-(o-hydroxyplien\’l)-succinic acid dissoci- 
ates to the extent, of 50 per cent into free radicals in a hot dilute' tclue'iie 
solution. 


CfillB CfiHj Cells 



Ct'rtain substituted lactones of this type appear to dissociate com- 
pletely.’^ 

Tetraarylsuccinonitriles. A solution of te'traphenylsuccinonitrile bc- 
(!omes colore'd w'heai heated to 140°, and a solution of tetra-p-anisylsuc- 
cinonitrile exhibits a color at GO- 80° in virtue of the free diaryhtyano- 
methyl radicals which are formeel.™ 


(06115)20 0(C6H5)2 2(C6H5)2C 

1 I I 

ON ON ON 

Solutions of the compounds absorb oxygen very slowly and react with 
nitrogen dioxide and with phenylhydrazine. 


Conant and Garvey, Jr., J. Am. Chern. iSoc,, 49 , 20S0 (1927). 

Lowenbein and Folberth, Ber., 58, GIO (1926). 

Lowenbein and Gagarin, Her., 58, 2643 (1925); Wittig and Petri, Ann, 513 26 
(1934) ; Wittig and Pockels, Her., 69 , 790 (1936). 
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Diarylhydroxjrmethyls 

At 150-200° bonzopinacol (tetraphenylethylene glycol) and other 
aromatic pinacols R 2 (OH)C — C(OH)R 2 decompose with cleavage of the 
ethane linkage to give a mixture of the ketoiu! R 2 CO and the hydrol 
R 2 CHOH. Although this reaction is interpreted conveniently in terms 
of an mtermediatc formation of free diarylhydroxym(;thyl radicals, no 
conclusive evidcncjc hfis becm obtained to show that pinacols dissociate; 
into free radicals. Dissociation into colored free radicals occurs when 
the hydroxyl hydrogen atoms of the pinae^ol arc replaced by metals. 

Metal Ketyls. In 1891 Beckmann and Paul observed that aromatic 
ketones react with metallic sodium in anhydrous ether to give d(;eply 
colored derivatives. Twenty y(;ars later, Schlenk and co-workers 
show('d that the colored compounds were free radicals of the type 
R 2 C — ONa, formed by addition of an atom of sodium to a molcHaile of 
ketone. 

CelRx Na CeHev (C6Tl5)2C-ONa 

2 ^=0 > 2 >C— ONa 1 

Cell/ Cell/ (CelhhC—O'Na 

Sodium kcfyl Sodium piiuicolate 

Similar metal k(;tyls, as the radicals wiax* named, are formed by niaction 
of aromatic ketones with potassium, lithium, c(‘sium, and rubidium. 

Although at first it was thought that tin; sodium ketyls an; unimolcc- 
ular radicals, it was shown later that association to the sodium pinacolatc 
does take jdace.’'*’ 'Fhe efT(;ct of solvent on the position of equilibrium 
W’as shown by measurements of the magnetic suscc'ptibilitics of the 
solutions. It w'as found that the sodium salts of benzo{hnacol and of 
sywt.-4,4'-diphenylbenzopina(;ol are l(;ss than 1 per c.('nt dissociated in 
benzene,^® but in dioxane the potassium salt of tlu; last-named pinacol is 
85 per cent dissociated in the concentrations employed.™ 

The sodium pinacolates dissociate rajiidly into the sodium ketyl 
radicals. These radicals react rapidly with iodine and with oxygen ; in 
both reactions the principal product is the ketone. 

2(C6H5)2C— ONa + I 2 2 (C 6 Hb) 2 CO -i- 2NaI 
2 (C 6 H 5 ) 2 C— ONa + 02-^ 2(06116)200 -f- Na202 

If dilute acid is employed for hydrolysis of the equilibrium mixtures in 
ether and benzene, nearly quantitative yields of the pinacols are ob- 

™ Schlenk and Thai, Bar., 46 , 2840 (191.3). 

™ Baohmann, J. Am. Chem. Soc., 66, 1179 (1933). 

Doescher and Wholand, ibid., 56 , 2011 (1934). 

Sugden, Trans. Faraday Soc., 30 , 18 (1934) ; Allen and Sugden, J. Chem, Soc., 440 
(1936). 
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tained,’^ but with water alone a mixture of equal parts of ketone and 
hydrol is formed, presumably through cleavage by alkali of the pinacol 
initially formed. 

When treated with an excess of sodium or 40 per cent sodium amal- 
gam, the metal ketyls form intensely colored disodium derivatives of the 
ketones. 

(C6ll6)2C~()xNa 4 - N.a (C6H5)2C— ONa 


(Blue) 


Na 

(Violet) 


Sodium ketyls of the aliphatic and mixed alipliatic-aromatic scries 
have been prepared. Branched alii)hatic groups favor the formation of 
these ketyls. Thus, cli-tcri.-butyl ketone reacts with sodium to give a 
d(‘ep red .sodium ketyl which .slowly ])asses into the dimeric form. Crys- 
talline sodium ketyls were obtained from w-trialkyla(!etophenones and 
sodium.'” 

Aromatic k('tone.s rea(!t lapidly wil.h a mixtuie of magnesium and 
magnesium iodide (which behaves like the equilibrium mixture'. Mg 
Mglo ^ 2Mgl) in eth(ir and benzene; colored iodomagnesiuin ketyls 
arc' formed by addition of Mgl t o tlu' carbonyl group. Thc'se iodomag- 
nc'sium kc'tyls quic^kly associates to colorlciss iodomagncisium pinacolates 
until (!quilibrium is c'stablislu'd.'''* 


2K2C=0 


Mk + MkI2 


> 2R2C;— OMgl 


RoC— OMgT 


R2C— OxMgl 


Hydrolysis of the mixture's usually give's nearly quantitative; yields of 
pinacols. Like the sodium ketyls the iodomagnesiuin ketyls yield the 
ke'tone when they react with iodine or with oxygen. 

Diphenyl Ether of Benzopinacol. When a colorless solution of this 
compound in naphthale'iie is lu'ated, a red color is produced; this color is 
attributed to the formation of diphenylphenoxymethyl radicals. 

(C6n5)2C— OCoHs 

I 4=4 2(C6H6)2C— OCeHs 

(C 6 H 5 ) 2 C— OCellB 


Free Alkyl, Aryl, and Other Simple Radicals 

Free Alkyl Radicals. In 1929-1931 Paneth and co-workers dem- 
onstrated the existence of f ree methyl and ethyl radicals. To prepare free 

Favorsky and Nazarov, Bull. soc. chim., [5] 1 , 46 (1934). 

Gornberg and Bacbmann, ,/. -4m. Chem. Soc.j 49, 236 (1927). 

Paneth and llofoditz, Ber., 62, 1335 (1929); Paneth and Lautsch, Bcr., 64, 2702 
(1931); Paneth and Ilcrzfeld, Z. Elcktrochew., 37, 577 (1931). 



614 


ORGANIC chp:mistry 


methyl, vapors of tetramethyllead were carried by a rapid stream of 
hydrogen nnder reduced pressure (1-2 mm.) through a tube which was 
heated strongly (600-800°) at one point A. The tetramethyllead was 
decomposed by the heat as was evident from the deposition of a lead 
mirror at A ; among the products of decomposition was gaseous methyl 
which may be supposed to originate from the reaction 

(CH3)4Pb 4 CH 3 + Pb 

The presence of free methyl was detected in various ways. A lead 
mirror was deposited at B farther along the tube and was allowed to cool 
to room temperature. Now, when decomposition of tetramethyllead 
was produced at A, the I(!ad mirror at B gradually disappeared as it was 
removed by chemical combination with the methyl radicals to form tetra- 
methyllead. If the mirror at B was more than a certain distance (32 cm. 
under the conditions employed) from the source A of the methyl radicals, 
the mirror was not removed, an indication that the free moth}"! radicals 
decomposf'd within a short time. From a mc'asurement of the rc'lative 
rates at which standard mirrors w(to nanoved at various distances from 
the source A, the “half-lif('” period of the methyl radical was calculated 
to be of the order of O.OOG second at a pressure of 2 mm. in hydrogen; 
this means that one-half of the total amount of frc'c m('thyl radicals will 
be decomposed in that length of time. 

The free ethyl radical has been {)r('piired by thermal de(!omposition 
of tetraethyllead; its half-life is of t.lu' same order as that of frcHi nudhyl. 
Evidence has been obtained of the formation of the fi’ec^ benzyl radical 
C6H5CH2 (half-life about O.OOG second), but the higher alkyl radicals 
such as n-propyl and n-butyl appean'd to be* tmstable at the high tem- 
peratures and decomposed immediately into unsaturated compounds 
and smaller free radicals or hydrogen atoms. 

CH3CH2CH2 -> CH2=CH2 + CH3 
Cn3CH2CH2 ^ CIl3CII=OH2 + H 

The free n-propyl and isopropyl radicals have Ix'en produced, however, 
by photochemical decomposition of di-n-propyl ketone and diisopropyl 
ketone respectively.*"® Each was found to have a half-life of about 0.004 
second under the conditions employed. 

Free methyl, and to a certain extent free ethyl, can be obtained con- 
veniently by pyrolysis of hydrocarbons and other compounds.®"’ 

Rice and Rice, “Aliphatic Free Radicals,” The Johns Hopkins Press, Baltimore 
(1935). 

Rice, Johnston, and Evering, J. Am. Chem. Soc., 64 , 3529 (1932) ; Rice and Herzfcld 
ibid., 66, 284 (1934). 
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W'lien vapors of hexane at 1 -3 mm. prc.ssuro are passed through a tube 
which is luiatcd at one portion to alwmt 800 °, the hydrocarbon disintc;- 
grates and gives methyl radicals and a smaller proportion of ethyl 
radicals. Free methyl and ethyl radicals have also been prepared by 
interaction of sodium vapor and alkyl iodide in gaseous form at low 
pressures, CoHr,! + Na — > CoHr, + Nal.®'-* 

The chief reactioTi of methyl and of ethyl radicals at low pressure and 
room t.('mperature in the absence of other rc'agt'iits is recombination on 
the walls to give ethane and »-bu1ane respect ivelj'^ ; at higher tempera- 
ture's the ethyl radical also disproportionate's tee give e'thyle'iie' and ethane. 
Both methyl anel ethyl readily abstrae't. a hydreege'n atom from saturated 
meele'cules to givee methane and ethane' respectively. 

CII3 + CIl;, ClLA'Ils 

CH3 + UII -> CIL + K 
2CIl3Cn2 ClLiClIaCILClIs 

2 Cll 3 ('Il 2 CIl2=-C'll2 -t- CJI3CH3 

The; alkyl radicals cennbine with ie)dine te) form alkyl iodides anel re'act 
with a numbe'i' e»f eether e'le'iiu'nts, usually in the foim of mirrors, to fenrn 
alk>'l ele'i-i\ alives. Thus, by cenubinatietn with free methyl radicals zinc 
is e'onve'rteel to dimethylzine* (ClhdaZn, antineony te) triraethylstibine 
(Cll.sI.jSb and te'ti’umethyldistibyl (ClI;t)cShSb(CIl3)2, arsenic te) t)‘i- 
methylarsine' (ClhOnAs and dicaceedyl (CH3)2AsAs(CH;j)2, mercury to 
elimelhylmercury (ClhjloHg, and bismuth to the trimethyl derivative. 

Free Aryl Radicals. Eviele'ne-e has been obtained of the transitory 
e'xiste'iiere' of the fre;e phe'uyl i-aelie'al in the gaseous state and in solution. 
It ai)pe'ars te) be; Ibi’ine'd in the re'ae'tieen be'twe'cn sodium vapor anel bro- 
mobenzene' at high te'mpe'i’at.ui’e and at le)w i)re'ssure *** and in the' thermal 
de'e‘e)m])e)sitie)n e)f te'tra])henyllead; in these reactions the c;hie'f reactie)n 
e)f the phenyl jadie-al is dimerizat ie)n te) bii)henyl. 

H(*y and Waters have summarize'el the re'ae'tions of the phemyl radi- 
cal in se)lution. Ae;ce)rding to them the she)rt-lived phenyl radical she)ws 
ne) tonde'iiey to dimerize te) biphen.yl in sedution. Instead it rvaeds with 
piae'tically any me)le;cule with which it come's in e-ontact. It abstracts a 
hydre)ge;n ate)ni fre)m a non-aromatic solve'ut. to fe)rm benzene and takes 
up a chlorine ate)m fioin a neni-aromatie; haliele* to give chlorobenzene. 

Hartel and Polanyi, 7,. phyxlk. Chem., Bit, 07 (1030) ; Hartel, Meet, and Polanyi, 
ibid., B19, 139 (1932); Wiehuid, “Die Uydrazine,” Enke, Stuttgart (1913), pp. 187, 189 
Horn and Polanyi, Z. physik, Chem., B26, 151 (1934) ; Allen and Brown, Trana 
Faraday. Soc., 34, 403 (1938). 

84 Ilcy and Waters, Chem. Uirv., 21, 109 (1937). 
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With neutral aromatic liquids it reacts to give o- and p-derivatives of 
biphenyl; the phenyl group enters ortho and para to the substituent even 
when the substituent is the nitro group. 

Other Simple Free Radicals. Nef ^ sought to prove that certain 
classes of organic compounds such as the isonitriles contain bivalent car- 
bon and that numerous typ(\s of reactions take place through thci inter- 
mediate formation of substituted methylene radicals, as for example 
CH 3 CH. His attempts to prepare the free methylene radical CII 2 were 
unsuccessful; reactions designed to give this radical yielded ethykiiie in- 
stead. Now, it appears that the methylene radical is capable of exist- 
ence. It is formed along with nitrogen by pyrolysis of diazomethane 
(350-600°), CH 2 N 2 CH 2 + N 2 . The rnethyleiKi radical removes 
mirrors of tellurium, antimony, and arsenic, but unlike the alkyl radicals 
it docs not combiiu^ with zinc or k'ad.®^ 

The CN radical is formed by interaction of sodium and BrCN and 
other cyanogen halides in a highly diluted gas reaction and by thermal 
dissociation of cyanogen NC — CN at 1200°.^^ Spectroscopic* c^vidcaice 
has been obtained of the existenc'c of OH, NH, CH, CS, and similar radi- 
cals as well as ciiargc'd radicals of the type^ CH^ and CHo"^. These radi- 
cals have bc'cm observed in thermal decompositions or in the cic'ciricr 
discharge in gases but they have lives so short that^ a study of their 
chemical properties is exceedingly difficult or impossible.®^ 


OTHER TYPES OF FREE RADICALS 

Diarylamino Radicals. The tetraarylhydrazines were discovered by 
Wieland in 1911. They are obtaiiu^d as colorless solids by can^ful oxi- 
dation of diarylamines ; thus, diphenylarnine gives tetraphenylhydrazine 
when oxidized by potassium permanganate in cold acetone solution. 

CeHsv /Qx CeHsv Cellsv /CeHs 

2 >N— 11 — > 2 >N >N— N< 

CeHfi/ C^gH/ NDgITg 

The intermediate diphenylamino radicals associate pi actically (!om- 
pletely in solution at room temp(!rature. When, howevcM-, a colorless 
solution of tetraphenylhydrazine in toluene is h('ated above 70° the 
greenish brown color of the diphenylamino radicals appears; when the 

Rice and Glasobrook, Am. Chem. Soc.^ 65 , 4S29 (1933); 66 , 2381 (1934). 

Kistiakowsky and Gershinowitz, J. Clwm. Phys., 1, 432 (1933). 

“Free Radicals,” Trans. Faraday Soc.^ 30 , 1-248 (1934), a report on a syrnposiiira on 
free radicals. 

Wieland, “Die Hydrazine,” Enke, Stuttgart (1913); Wieland and Lecher, Ann. 
381, 206 (1911); Wieland, Rcr., 48, 1078 (1915). 
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solution is cooled the color disappeai-s. In general, groups such as NO2 
and CeHs on the benzene nuclei tend to depress dissociation of the 
tetraarylhydrazines, and groups such as CH3, OCH3, and (CH3)2N in- 
crease dissociation. Only one compound dissociated sufficiently to allow 
measurements to be made. Tetra-(p-dimcthylaminophenyl)-hydrazine 
was found to be dissociated to the extent of 10 per cent in a dilute benzene 
solution and 20 per cent in a dilute nitrobenzenci solution. 

Unlike triarylnu'thyls, the diarylamino radicals do not react with 
oxygen or with iodine'. The reac^tion most frequently employed for char- 
acterizing these radicals is the^ absorption of nitric oxide. If nitric oxide 
is passe^d into a solution of tetraphenylhydrazinc at 90°, a quantitative 
yield of N-nitrosodiphenylamine is obtained. 

(CJIslaN + NO (C6H5)2N— NO 

From a study of the kinetics of the nitric oxide reaction it was found 
that the half-life of tetraiffienylhydrazinc is about 3 minutes at 100° and 
the energy of activation for the dissociation process is about 80 kcal.*® 
Tlui frec^ diarylamino radicals combine with tiiphenylmethyl to form 
compounds of tlu; type E^N — C(C’onr,)3 and with sodium to give the 
sodium derivative of the diarylamine, R2N — Na. Solutions of tlu' tetra- 
arylhydrazines are unstable', for the diarylamino radicals n'adily undergo 
disproportionation; thtis, diphenylamino radicals give diphenylamine 
and N,N'-diphenyldihydrophenazine. 

Triarylhydrazyls. By dehydrogenation of triarylhydrazines, 
R2NNnR, by mild oxidizing agemte as lead peroxide, Goldschmidt ** 
obtained a class of compounds knowm as hcxaaryltetrazamjs. The tri- 
arylhydrazyl radicals arc formed as intermediates, and these associate to 
the hexaaryltet razane. 

(CellslzN. (C„Hb)2N\ (CoIIbIjN. /NfCellB)* 

2 >N11 2 >N >N— N^ 

CbHb/ Cell/ Cell/ ^CgHb 

Triplienylliydrazyl Hexaphenyltetrazane 

The compounds ai'(5 extremely unstable, spontaneous decomposition 
occurring even at low temi^eratun^s ( — 80°). Like the diarylamino radi- 
cals, the triarylhydrazyls combine with nitric oxide and with triphenyl- 
methyl. Measurements of the paramagnetism of a,a-diphenyl-/3-2,4,6- 
trinitrophenylhydrazyl indiiiate that this radical does not associate to 
the tetrazane even in the solid state.® 

Much more stabler radicals of this type are obtained by introducing 
an acyl group in place of one aryl group; the radicals diary lacetylhy- 

C'ain and Wi.seloElo, J. Am. Chem. Soc., 62 , 1163 (1940). 

Goldschmidt, Her., 63 , 4-1 (1920); Gold.schmidt and Bader, Ann., 473 , 137 (1929). 
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drazyl, R2NNCOCH3, and diarylbenzoylhydrazyl, R2NNCOC6H5, are 
examples of this type of radical. The radical a,a-di-p-anisyl-i8-beiizoyl- 
hydrazyl (p-CH30C6ll4)2N — NCOC0H5 does not associate in acetone 
even at — 50 °. In contrast to the rapid dissociation of hexaarylethanes, 
the dissociation of the substituted tetrazanes is exceedingly slow. 

Diarylnitrogen Oxides. Oxidation of N-diphcmylhydroxylarnine in 
ether solution at 0° by silver oxide yields diphenylnitrogen oxide, which 
can be isolated in the form of dark rc^d crystals. 

2(C6ll5)2N— on + Ag20 2(C6TT5)2N0 + II 2 O + 2Ag 

The free radical nature of the diary In iti*ogen oxides has been confirmed by 
paramagnetic suscx^ptibility iiK^asunaiuaits. Of lh(^ following three ekn*- 
tronic structures which may be written for these frc^e radicals, Pauling 
prefers the structure (containing the thre(Mde(*tron Ixmd but- considers it 
probabki that there is some resonance involving the other structures. 

R2N— 6 : R2N-- 0 : R2N— ( ) : 

In general, the diarylnitrogen oxi(k\s are unstable compounds which 
decompose in a few hours. Int roduction of nitro groups into the benzcMie 
nuclei stabilizers the molecuk' to sinch an extent that, the fnxr radical can 
be kept unchaiig(‘d for s(‘V(‘ral months. The diarylnitrogen oxid(\s com- 
bine readily with nitric oxidec and other odd mole(*ules. The pi'imary 
product of the reaction In'twcxm dij)li(aiylnit-rog(‘n oxick' and nitric, oxide 
appears to be the N-uitroso (kaivative (('6H5)2NO(NO) which tlnai 
undergoes rearrangeimait to the more stable moleccule, phenyl-/>nitj*o- 
phenylamiiier. Triphenyl methyl instantly dcrcolorizes a red solution 
of dii^henylnitrogen oxide; h(a*e, too, th(r jirirnary addition product 
(C6H5)2N — 0 — C(C6lIr))3 ^iiid(a-go(^s further reaction to products which 
are unknown. With hydrogcrii iodide, iodine is liberated as the oxide is 
reduced to the diarylamine. 

Aroxy Radicals. By mild oxidation of certain phenols there are pro- 
duced diarylperoxides li — O — O — R, which are capabkc of dissociating 
into aroxy radicals R — Th(i most stable pi’odiuts are obtaiiu'd from 
9 -methoxy-, 9 -ethoxy-, and 9-chloro-10-ph(manthrol. Thus oxidation of 
9-methoxy-10-i)henanthrol in ether solution by lead peroxide gives the 
9 -methoxy- 10 -phenanthroxy radical whicdi associates reversibly to bis( 9 - 
methoxy-10-phenanthryl)-per()xid(i. 

Wieland and Offenbachcr, Brr., 47 , 12113 (1014) ; Wicland and Roth, Bcr.^ 53 , 210 
(1920) ; Wieland and Kdgl, Bcr., 55 , 179S (1022) ; Cainbi, Gazz. chirn. ital., 63 , 570 (1038). 

Pumrnerer and co-workens, Ber., 47 , 1472, 2957 (1914) ; 52 , 1416 (1919) ; Gold- 
schmidt and Schmidt, Bcr., 55 , 3197 (1022). 
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The po]*oxide is colork'ss, but the fn^e radicals ai’e p;rcoiiish yellow iii solu- 
tion. This particular radicuil is formed to the extemt of t37 pcT (‘xait in a 
dilute solution and the corrc'spondin^]!; 9-(‘lh()xy-10-pluuianthroxy radical 
62 ])(U' cent under the same (‘.ondit ions. 

Like th(' tetTrvaryldilxnizoylti'trazaiu's the diarylpc'roxides dissociates 
Aaay slowly into the aroxy radicals and (‘(piilibiium is rea(‘hed only after 
sc'veral hoin-s. As a i-e'sult. tJu^ coiuxaiti-ation of aroxy radi(*als in the 
eejuilibi ium mixture^ can l>e determiiKHl by titration with hydrazobenzene 
solutio]!, which reacts with the radical only. 


2H--() + CfJb, NILNIKkdU 2R()II + ColIf>N-=NC6H5 

The aroxy radicals are not readily afh'cted l)y atjnospheric oxygen, 
and they do not rea(*t with iodine or with nitric oxide. They combine 
with t.]*i[)h(‘nylm('thyl to give the triph('nylm('thyl ether of the phenol 
R — O — C'(LGUf ))3 and with i)otassium to form tlu' salt ROJv, and are 
reduc(‘d to the pluaiol by zinc and acetic aesid, by hydrogen iodide, and 
by phenylliydrazine. 

Arylthiyl Radicals. Analogous to the' diarylperoxidc'S are the diaryl- 
disulfid('s Its —SR, which appe'ar to dissociate into the fren arylthiyl 
radicals RS.-’*^ lJil)henyldisuUieIe, which is a colork'ss solid, gives a yellow 


C0II5S— SC«ll 5 2CclRS 

solution whose' e*e)lor de'cpens when the t('m])e'rature is i*ais('d. Under 
mild conditiems the jdienylthiyl radical react.s with triphenyl- 

luettiyl, with metallic se)dium, and with metallic silver and forms 
CgH 5 SC(CoH 5 ) 3 , CoII.^SNa, and respectively. 

Semiquinone Radicals. IVIichaelis and his collaborators have stud- 
ies! an inte'resting c*lass of free radie*als known as semiepunones. These 
radicals correspond to the int-ermediate stage' between two meunbeTS of a 
syste'TU capable of be'ing convertc'd ivadily into each other by a bivalent 
oxidation or reduedion (involving the' removal or adelition of two electrons 
n'spc'.ctively). For (example', de'e'ply cedoi'ed se'miquinone radieials are 

Schr)n]>erg, Trans. Faraday Soc.y 30 , 17 (1034). 

Miclmolis, ('hnn. Fcv., 16 , 243 (1035); Mic*h«elis if a/., J, Arn. Chem. Soc.^ 60 , 202, 
214, 11)07, 1078 (1938). 
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formed as intermediates in the reduction of suitable quinones to hydro- 
quinones and in the oxidation of aromatic diamines to the diimines. 
In these systems an equilibrium is establishcid between two moles of the 
free radical (R) and its disproportionation products, oxidized form (A) 
and reduced form (B), 2R ^ A + B. The existence of the scmuiuinonc 
radicals has been established by potentiomcitric methods, by magneto- 
metric measurements, and by colorimetric means. 

A typical example of semiquinone formation is the production of a 
so-called Wurster dye by oxidation of 7 >-phenylenediamine (or the 
N-alkyl derivative of the diamine) in acid solution. In neutral solution 
the three components of the system may be represented as follows: 


:NH2 :NIl2 :NH 



BRA 


In neutral solution it is not possible to d('tect the intermediate radical 
(R), but in moderately acid solution a stable form (R') is formed by 
addition of a proton. As a result of the increased possibilities for r('so- 
nance involving such forms as R'a, R'b, R/c, R'd, and the like, the radical 
becomes stabilized. Indeed, the free radicals of this type; with the 
amino groups completely methylated are even more stable than the 
corresponding diimines. 


:NH2 •Nn2(+) NIRC-h) :NH2 



•NH2(-1-) :NH2 :NH2 NH2(-t-: 

R'a R'b R'c R'd 

Similarly constructed .semiquinone radicals are formed by reduction of 
phenazines, flavin dyestuffs (including vitamin B 2 ), indophenols, inda- 
mines, and thiazines. 

Stable semiquinones are obtained from .suitable quinones and 1,2- 
diketones when the reduction is carried out in alkaline solution. Reso- 
nance among equivalent structures is pos.sible in the anion, but this 
condition is destroyed when a hydrogen atom is present on one of the 
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oxygen atoms, which occuis in acid or neutral solutions. Semiquinone 
radicals have bc('n obtained in alkaline solution from duroquinone, 
S-phenanthrenequinonesulfonic acid, and benzil. In the following for- 
mulas only one of the forms contributing to the resultant resonance 
state is shown. 



The last-mentioned scmifiuiuone radical gives rise to the purple color 
which is obsca vc'd when sodium hydroxide is added to an aUioholic solu- 
tion of benzil C 6 Hr,COCOCoH 5 and benzoin C 6 H 5 COCH(OH)C 6 H 5 . 
Th(‘ puri^le radical is also produced as an intermediate during the oxida- 
tion of benzoin in alkaline solution. In the dilute solutions in whicih 
thes(', radicals are studit'd the free radical has little tendemey to dimerize. 

Exainj)les of neutral semi(iuinom! radicals .are the hydroxyanthronyls 
(XXXI), which are fornu'd by addition of a single atom of hydrogen to 
a molecule of tb(' quinone, and the arylpyrrolinoanthroxy radicals 
(XXXII) of Scholl,®-’’ to which the following structures have been as- 
signed: 


O 0 



HO OC— II HN CIIR 


XXXI XXXII 


APPLICATION OF THE CONCEPT OF FREE RADICALS 

In 1858 Kekul4 expressed his views on the manner in which reac- 
tions take place. He objected to the customary method of formulating 
reactions involving doubk; decompositions as aa' + bb' — > ab + a'b' 
because* the formulation gave no indication of what went on during the 
n'action and was likely to lead to the erroneous conclusion that radicals 
exist in the free state duiing the exchange. According to him the 

•‘Scholl, B<r., 64 , 2370 (1921); Scholl, Dehnert, and Somp, Ber., 66 , 1633 (1923); 
SchoU and Bottgor, Btr., 64 , 1878 (1931). 

“•Kekulfi, Ann., 106 , 129 (1858). 
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simplest expression of the reac^tion iiivolv('d the formation of an inter- 
mediate addition complex, and he wrote the reaction in the following 
manner; 

a jb a 1) a b 

a'lb' a'b' a'b' 

It is true that in certain redactions intermediate addition complexes 
are formed. On the other hand, there is abundant evidence that many 
redactions pre)ceed through the inte'rine'diate formation of fragineuits, 
either ions or free radicals. The iemic meejhanisni has been particularly 
successful in interpredling reactions which proceed most readily in 
aqueous solution or in an ie)nizing solvemt and re'aciions whiedi are' pro- 
mote'd by a polar environme'nt, and those', such as hydredysis, which are' 
catal3'zed by ions. Free' radiedils jday an important rede in many phote)- 
chemical and thermal deceanpositions, and in reactions whie*Ii e)ccur in 
liquids of low die'lectric constant and in gase's. 

The lii-e^raiure abounds in diseussieais e)f re'actie)ns in which the inte'r- 
rne'diate femnation of fre'e radie^als is pe)stulated. Often no de'finite proe)! 
:K)ulel be o})tained that the radicals we're actually fe)rmeel, but the' 
results were' most reaelily explaine'd eai the basis e)f radicals. This is 
especially true e)f reactions carrie'd eai in the liquid phase or in se)lution. 
Ill the gas reactions the sheirt-liveel radicals such as me'th^d, ethyl, and 
phe'iiyl can often be^ det.ee^teel by the Paneth e'ffe'cl ein mirrors, and them* 
formation can be deeluced from the isolatieai e)f the elime'rs feirnu'd by 
association of the free radicals. In se)lutie)ii tliese* extrc'ine'l}^ re'active 
radicals have little chance to dime'rize, for they attack ])ractically any 
molecule' with which they^ collide. As a result, products are encouiite're'd 
which result from the' actieni eif the radicals on the seilve'iit. Stable' radi- 
cals such as the triarjdmethyls can usually be de'ten^teel without difficulty. 
In the eliscussion which feillows, example's of re'actienis have been e*.hosen 
in which more or less defiiiite proof has bee'n obtaiiu'el that free radicals 
are iiiveilved. 

Wurtz-Fittig and Allied Reactions. He'xaarylethane's and other com- 
pounds capable of dissociating into fre'e raelicals are ge'iu'rally obtaine'el 
through association of free radicals initially fe)rmed in the re'action. By 
analogy with the formation of hexaar^dethanes e)nei can reasonably 
assume that the formation of .s-T/m.-tetraphenylethaiie^ fre)m diphenyl- 
bromomethane and a metal proce'eds thre)ugh the interme'diate formation 
and association of diphemylmethyl radicals. Suppe>rt feu* this view was 
obtained when the reaejtion was carrie^i out in the pre'se'iice of triphenyl- 
methyl. If equivalemt amounts of triphe'nylmethyl and diphenylbro- 
momethane in benzenes arc shaken with mercury, the principal product 
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(90 per cent) is pentaphonylethanc and the reaction may be formulated 
as follows: 

(Ccll5)2CU-IBr + llg (C 6 n 5 ) 2 CU + HgBr 

(C6ll5)2C]l + (C6ll6)3C (C6ilB)2CIIC(C6ll5)3 

The diphenylmethyl radicals are “captured’^ by the triphenylmethyl 
radicals as soon as they are formed and do not associate to thc' tetra- 
phenylethane. 

In a similar manner, the diarylmethyl radicals formed ]jy interaction 
of the halide and a metal have b(‘en found to react with oxygem more 
T'apidly than association takes place. Wlum diphenylchlorouKhliane 
reacts with silver a (luantitative y\Ad of .s*//w?.-t.('traphenylethane is ob- 
tained, but wluai the j*eactiou is carried out. in the pix^scauv. of oxygen 
only a few per ccait of .s7y7//.-t(‘t.raphenyl('than(' are pi‘oduced; the chief 
products an' bcaizopheiione, ])enzohydrol, and dij)h('nylmetl\yl ether, 
formed by oxidat ion of th(* intermediate dii)h(‘nylmethyl radicals. Simi- 
lai* results have bc'en olhairunl with a numbc'r of diary lmeth 3 d(*hloi’ides.^‘^ 

There has ].)een a great d('al of discnission whetJu'r f]*e(‘- iadi(*als are 
formed as int('rm('diat(‘s in the Wurtz-Fittig reaction (p. 539). Without 
doubt, in many i’(‘a.(*tions organosodium derivatives iuv formed as inter- 
nu'diates, but this doi's not. excliaU' the intermediate formation of free 
radicals as W('I1. It. will b(^ n'called that the' fn'e c'thyl j-adical was 
obtained bj" int(‘raction of sodium and etl\yl iodide in th(' gas })hase. 

A five radical mechanism was proposed to acaujunt foi* tlu' jirodiK'ts 
of the r('action bedwe en sodium and chlorobenzeiu', namel}^ benzene, 
1 )ii_>henyl, 4-i)henylbiph(Miyl, 2 -ph(ai.ylbiphen 3 d, 2,2'-diph(mylbiphenyl, 
and tri]di('nyl('ne.^^ The formation of tlu'se compounds can be undei- 
stood if one assumes th(' intermediate formation of the plumed radical; 
whi(*h can associate', disprojiortionate to benzene and phenylene radicals 
(which can add plu'nyl radicals to give the iihcnylbiplumyls), and react 
with some of the' substances pivsent. When the reaction was carried out 
in toluene, bij)henyl formation was comiik'tcd}^ suppressed and a large 
quantity (nearly 50 ])er (‘('iit) of lienzene was produced in addition to 4- 
methjdbiplienyl and diphen.ylmethan('. These jiroducts may result from 
intvrmediate organosodium compounds or from reactions such as 

Cello + CeHeCIIs — > 7>-C6H5C6H4CIl3 + H 

Cells + H CelTe 

Cells + CelTsCHs Celle + CellsCHz 

C6Tl5Cn2 + CeHs C6ll6Cll2CeH5 

Wilis and Mulder, lire. trav. chim., 67 , 1385 (1938); Naiita and Mulder, ibid., 63 
1002 (1939). 

Bachniann and Clarke, /. Am. Chem. Soc,, 49 , 2089 (1927) . 
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Grignard Reaction (p. 495). It has been definitely proved that the 
preparation of the Grignard reagent triphenylmethylmagnesium bromide 
proceeds through the intermediate formation of the free radical triphenyl- 
methyl.®* 

2(C6H6)3CBr -I- Mg ^ 2(C6 Hb) 3C -f MgBra 
2 (C6ll5)3C + Mg + MgBrj 2(C6HB)3CMgBr 

Wh(!n one-half of the total amount of magne.sium ha.s react ed, the solu- 
tion contains triphenylmcithyl (and hexaphenylethane) but no Grignard 
reagent. Similarly, triphenylmethyl is an internudiatc in the prepara- 
tion of Liiphenylmethylsodium from triphenylchloromethane and so- 
dium. As soon as all the chlorides has reacted, the yellow solution con- 
taining triphenylmethyl rapidly beconu's inbaiscily red as triphenyl- 
methylsodium is formed.’”® It has been suggest{‘d that, other Grignard 
reagents are formed through a fn^e-radical mechanism. 

Further evidence of the formation of free radicals as intermediates 
has been obtained from a study of the; reactions of Grignard reagcaits. 
Triphenylmethylmagnesium broniid(> rc'acts with b(^nzoi)h('none to form 
the two radicals triphenylmethyl and bromomagnesium-b('nzoi)henom‘- 
kctyl; the two radicials then associate to the corr('sj)onding symmetrical 
compounds. 

(C 6 n 8 ) 3 CxV[gBr -f (C 6 ll 5 ) 2 CO (CcHb) 3 C + (C 6 ll 6 ) 2 C— OMgBr 

Ti 11 

(C 6 H 5 ) 3 C (CcITbIzC-- OM gBr 

I 1 

(C 6 ll 5 ) 3 C (C61Ib) 2(’— OMgBr 

This type of reaction is not uncommon. The chief products of the 
reaction between benzylmagnesium chloride and mijthjd iodide are bi- 
bcnzyl and ethane. The reaction between benzoph(‘none and 7i-propyl- 
magnesiuin bromide (and other Grignard niagents) (p. 646) which gives 
benzohydrol as the principal product in addition to propylene has been 
explained on the basis of radicals.’®’ 

RiCO -h CIIsCIIjCHoMgBr RjCOMgBr -t- Cn3CIl2CIl2 -> 

R 2 CIIOMgBr + CH 3 CH==CIl 2 

It is difiicult to account for the formation of ethane and ethylene in 
addition to »-butane in the reaction between ethylmagnesiurn bromide 
and ethyl bromide unless free ethyl radicals are assumed to be produced 

Gomberg and Bachmann, ibid., 62 , 2455 (1930). 

100 Sehlenk and Ochs, Bar., 49 . 009 0910). 

101 Blicke and Powers, J, Am. Chem. Soc., 61 , 3378 (1929). 
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as intermediates. Then the process becomes clear, for the ethyl radicals 
may disproportionate as well as associate. 

Photochemical Reactions. Dissociation of triarylmethyl bromides 
into the triarylmethyl radicals takes place when their solutions are 
irradiated or subjected to the action of cathode rays. If a solution of 
triphenylbromomethane in benz(Uie is exposed to siudight or light in the 
near ultra-violet region, a deep yellow color dev(‘lops. In contact with 
air or oxygen the irradiated solution deposits crystals of triphcmylmethyl- 
peroxide.“^ 

A considerable number of simide free radicals have been observed in 
the photolysis of organic compounds. Not only free alkyl and acyl radi- 
cals but also radicals of the type OH, O 2 H, CCl.^, COCl,' CH, NH, NH 2 , 
and many others are now usc'd fret'ly to explain th(' results of photochemi- 
(!al reactions. I'he results obtained by irradiation of alkyl iodides in the 
I)resene.e of oxygen, which leads to the formation of alcohols and alde- 
hydes, have been oxplaim^d on the basis of an initial dissociation of the 
alkyl iodide into the alkyl radical and atomic iodine.^®* 

CII 3 I —> CII 3 + I 

CII 3 + O 2 (^HaO -f on 

CfbJ + on > CH3OH + I 

The photochemi(^al decomposition of aldehydc's and ketones has re- 
ceived considerabh' atUaition. I'he pi-oduction of free methyl and ethyl 
radicals appears t,o Ix' achieved by irradiation of kc'toncis by light of (;er- 

o 

tain wave length (2900 A). Methyl ethyl kc'tonc' decomj)oses into methyl 
and propionyl radicals and tlu’: latter then brc'ak down into ethyl radicals 
and carbon monoxide.'"^ 

cn3\ 

>00 — > CH3 + cn3cn2Co -> CH3 -t- CH3CH2 -1- co 

CH 3 CH 2 / 

The free alkyl radicals then combine to form ethane, propane, and n- 
butanc. In a similar manner, photocrhemical decomposition of acetone 
at room temperature ykdds the fre(^ methyl and ai'clyl radicals which can 
associate to form ethane and diacetyl. Abov{' 00° no diacetyl is formed 
because of the de(!om])osition of the acetjd radical to methyl and carbon 
monoxide."'^ The acetyl radical has a life even shorter than that of the 
alkyl radicals. 

Halford and Anderson, Proc. Natl. Acad. Sd. U. 19 , 759 (1933). 

Bates and Spenw, ./. Am. Chem. Soc., 53 , 16S9 (1931) 

104 Norrish, Uef. S7, p. 107. 

Glazebrook and Pearson, J. Chem. Sac., 567 (1937), 
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On exposure to light, di-n-prop3d ketone yields free n-propyl radicals. 
Diisopropyl ketone gives isopropyl radicals initiall^^, but these subse- 
quently isomerize to ? 7 -prop.yl radicals, for the product of the reaction 
between the radicals and mercniry was di-n-propylmercury.^^® Photolysis 
of acetaldehj^de gives th(^ methyl radical and the unstabki CIIO radi(‘-al 
as primary products, Avhich then undergo furthc'r reaction (sec' thermal 
d(^composition), and ii-radiation of koteiie CIl2=CO 3d('lds the methylene 
radical and carbon monoxides 

The photo(ihemical prodiuition of phosgene from carbon monoxide 
and chlorine takes place through the following steps involving a chain 
reaction carried on by chlorine atoms and the COCl radical: ^2 2 C 1 ; 

Cl + CO COCl; COCl + CI2 COCk + Cl.’»^ Kharasch and 
Brown have found that irradiation of a mixture of oxal}^ cliloride, or 
phosgene, and cyclohexaiK^ gives a good yield of cy(*lohexanec.ai*box.ylic 
acid (*hlorid(\ They believe that the COCl radical, fomnnl by ]>hotolysis 
of the a(;id chlorides, is ])robably an important intermediate in th(^ reac- 
tion. Similarly, the photochemical sulfouation of aliphatic^ acids and 
saturated hydrocar] )ons witli sulfuryl chloiidci has Ixuai explained by a 
free-radical mechanism. In the latter re«action the following formula- 
tion has bcK'ii siigg(\sted: 802(^12 — ^ SO2 + CI2; CI2 2 C 1 ; C'l + 
RH R + HCl; 11 + SOo KSO2; RSO2 + CL RSO2CI + Cl. 

Thermal Decompositions. It has been shown that nian^^ of 

aliphatic compounds, hydrocarbons, ethers, aldehydes, and ketones, 
when heated in the range 700 - 1100 ^ 0 ., decomi)ose into free radicals 
which can be detected by the Paii(‘th effect on mirrors. In tli(' ])yrol3^'^is 
of hydrocarbons Rice has been able to predict s(‘mi-(|iiantitativ('h^ tlie 
products of such decom])Ositions on the basis of frc'e-radical formation. 
In these reactions, chain ix'actions are initiaUxl by the alk3d radicals 
initially produced. Thermal de(*omposition of ethane has been formu- 
lated in the following manner: 

CTlaCITa -> 2CH3 

Clla + CH3CTI3 - > CTI4 + CH3CII2 
01130112 0112=0112 + H 

CH3CH3 + H Hs + CII3CH2 II2 + 0112=0112 + II 

Glazebrook and Pearson, ihid.^ 1777 (19:30). But see also Kharasch, Kane, and 
Brown, J. Am. Chnn. /Sec., 63 , 520 (1941). 

Bodeiibtein, Z. physik. Cfuirn., 130 , 422 (1927) ; Bodenstein and Onoda, ihUL, 131 , 
153 (1928). 

Kharasch and Brown, J. Am. (dicm. *Sec., 62 , 454 (1940). 

Kharasch and Read, ibid., 61 , 3089 (1939) ; Kharasch and Brown, ibid., 62 , 925 
(1940) ; Kharasch, Chao, and Brown, ibid., 62 , 2393 (1940). 
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The chain is terminated by collision of the ethyl groups with hydrogen 
atoms; the length of the chain is about 100 cycles. 

Thermal decomposition of acetaldehyde gives methane, carbon mon- 
oxide, and small amounts of hydrogen. The reaction appears to take 
pla(!C through a chain reaction initiated by free radicals, and the follow- 
ing mechanism is one that has been propo.sed ; CH3CHO — ^ CH3 4- CO 
4- H; 11 + CH3CHO -> Ha 4- CH3CO (-> CH3 -f- CO); CPI3 4* 
CH3CHO — » CH4 -f CO 4- CH3. Decomposition of th(5 acetaldehyde 
can be carried out at a temperature at which the pure aldehyde is inert 
by addition of some azomethane, CH3N=NCH3. The azomethane on 
pyrolysis yic'lds fre('- methyl radicals ““ which initiate the chain rt'ac-tion 
involved in th(' dc‘coin[)osition of the aldehyd(;.^^^ This same technique 
has been applied to the photoclKunical decomposition of acetaldehyde 
at room temperature and to the tlumnal dec^omposition of hydrocarbons. 

Tiiarylmelhyl i-adicals are irroduced not only by thc'rraal dissociation 
of hexaarylethanes but also by t hermoly.sis of a numlxn’ of other tyjres of 
compounds. Azotriphenylmethane, (CV.HslaP'N— NC(C(iH5)3, decom- 
po.s(‘s iirto tri])honylmelh34 and nitrogen evtm at 0°, and ditriirlienyl- 
methy!disultid(' (C'cHrda^'S — SCflV.Hrdp, and certain other sulfur com- 
pounds yi('ld triirhenyhm'thyl on d(‘com])ositif)n. The thermal decom- 
position of benzeneazot riirlu'nylnu'thaiK!, (( 'eUrjlsCN— NCcHs, has been 
the subj(>ct of considerabk' invr'stigation. Gombei’g® found that very 
little t.etra])h(>nylmethan(' is pr-odu(od on decomposition of the com- 
jrouiid. Fi'oin tin* results of the investigations of Wk'land and his 
collaborators it is r-easonable to as.srrnr(> that thrr primary I’eactioir is 
decomposition irrto tripherrvlmethyl, rritrogerr, and phenyl, (Cf,H5)3CN 
— NCfillr, — ^ (CfjH.Tl.aC + No 4- CrJIr,. Ther-e is rro difficulty in detect- 
ing the ti-iph(‘tryhnethyl r'adirals, brrt the .short-lived plarnyl radicals are 
more ehtsi\'e. Thr; ph(;nyl radical does rrot dirner-ize to form biphenyl 
but reacts tajridly with the .solverrt ('rnployed. Thus, it abstracts a 
hydrogen atom from hydr-exarborrs like hc'xaire to for-m berrzene; it. 
remove's a chlorines atom fr-orn carbon tetr-achloride to form chloroben- 
zerre; it reacts with benzene to give bipheityl, with tohrene to form 
2- and 4-methylbii)heiryl, ar\d with chlorobenzerur to give 4-chlorobi- 
phenyl.^*'* Simitar prodrrets have be('n obtairred in other reactions in 
which freer pherryl radicals appe'ar ter l>c formed. 

Oxidation and Reduction Reactions. Ace-oreling to Zieglerr “ the 
first ste'p in the reactienr between triirhenylrnethyl aitd oxygen is the 

"" l.pen.uikors, ibid., 65, 3490 (10.33). 

AlU'ii and Sinkman, ibid., 66, 2031 (1934). 
and Taurog, ibid., 61, 3024 (1939). 

113 wicland, Ann., 514, 115 (1934). 

J. Chem. Soc., 1900 (1934). 
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formation of very reactive radicals of the type R3C — 0 — O — . These 
radicals then combine with triphenylmcithyl radicals to give the peroxide. 
The free peroxide radical also reacts with undissociated hexaphenyl- 
ethane: R3CO2 + R3CCR3 ^ R3COOCR3 + R3C. The radical liber- 
ated in this reaction takes up another molecule of oxyg(m, and the chain 
is continued. By adding an equivalent amount of pyrogallol, the chain 
reaction is inhibited (by reaction of the R3COO radicals with pyrogallol) 
and a mole of oxygen is absorbed for each mole of triphenylmethyl 
radical. 

Triphenylmethyl is found to be a catalyst for the oxidation of a 
number of compounds in virtue of the formation of the active peroxide 
radicals, which promote chain reactions, often of great hmgth. Thus, 
chains of 55,000 units have been observed in the oxidation of dimethyl- 
benzofulvene in the presence of a small amount of triph(niylmethyl. The 
reaction is R3C + O2 R3CO2; R3CO2 + A R.3C + AO2; R3C -t- 
O2 — ^ R3CO2; etc. The chain is broken when tin; peroxide radical 
combines with a trii)henylmethyl radical to give trij^henylinethyl- 
peroxide. 

According to Michael is,*"* bivalent oxidations (and reductions) pro- 
ceed in stei)s involving the internu'diate formation of fre(' ladicals, and he 
has actually demonstrated the exist('nc(i of the fn'e mdicals (semiqui- 
nones) in all the familiar revca-sible oxidation-reduction systems. If A 
represents the reduced form, R the radical, aiid B th(i oxidized form, 
then the reaction proceeds in th(' ste])s, A R -f- e; R B e. 

The free radical CfillsNH appc'ars to be formed ;is an internnidiatc in 
the oxidation of aniline by lead dioxide, for when the reaction is car- 
ried out in the presence of t.ri])henylmet;hyl, N-tiiphenylmc'thylaniline 
C6H5 NHC(CgH 5)3 is formed.”^ Although sixictroscopic evidence has 
been obtained of the presence of free CII3, C>H2, and CH radicals in the 
inner cones of hydrocarbon flames where there is a limited supply of oxy- 
gen, it has not yet been decided deflnit('ly what part fre(^ radicals play in 
combustion. 

Conant and Bigelow have shown that in the reduction of malachite 
green and related compounds by soluble reducing agents b ee radicals are 
produced initially; these then react further with the reducing agent to 
give the leuco base. In the reduction of aromatic ketones to the hydrols 
by sodium amalgam and alcohol, the fimt step is the addition of sodium 
to the ketone to give a ketyl radical; the ketyl radical reacts with the 
alcohol to give equivalent amounts of hydrol and ketone, and the regen- 
erated ketone then goes through a similar series of changes,”® R2CO + 

Goldschmidt and Wurzschmitt, Ber., 65, 3216 (1922). 

Bachmaim, J. Am, Ckern. Soc.^ 56 , 770 (1933). 
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Na -> RaCONa; RgCONa + C2H5OH R2COH + C.'aHsONa; 
2R2COH -> R2CHOH + R2CO. 

Other Reactions. Hey and Waters believe that free idienyl radi- 
cals are responsible for the products obtained in the Goinbers-Bachmann 
reaction."^ In this reaction biaryls are formed by addition of alkali to a 
mixture of a diazonium salt and an aromatic hydrocarbon or derivative, 
C6H5N2CI + CoHe + NaOH CoHgCeHs + N2 + NaCl + H2O. A 
highly reactive diazo hydroxide (or anhydride) foiTned by the action of 
the alkali on the diazonium salt is extracted by the aromatic liciuid, and 
the reaction tak(;s place in the organic solution. The phenyl I’adical ini- 
tially produced reacts with benzene to form bi{)henyl and with some of 
the biphenyl to give 4-phenylbiphenyl ; it reacts with tolueme to give 2- 
and 4-methylbi phenyl, and with bromobenzene to give 2- and 4-bromo- 
biphenyl.^^® Nitrobenzene and cyanolxnizoiu^ are attacked in the para 
position to give 4-nitrobii)henyl and 4-cyanobiphonyl respectively, con- 
trary to the usual mela substitution of these compounds which takes 
place in ionic niactions. It appears that the abnormal substitution with 
these compounds serv(5S as a U'sl, for the formation of phenyl radicals. 
Similar results have becni obtained in the reaction bet.wei'n uitrosoacyl- 
arylamines and ai’omatic liciuids."* 

A free radical mechanism has In'cn proi)osed to account for tlu' abnor- 
mal addition of HBr to \msaturat(>d compounds in the prciscnce of perox- 
ides or oxyg(Mi.*“ 

HBr + O2 (or peroxide) > HO2 + Br 

R— -Cn=CH 2 + Br > R— CTI— CIIaBr 

R— CH— CHiBr + HBr > R— CH 2 --CH 2 Br + Br 

I’lie addition of halogens to double and ti-iple bonds in the preseiice of 
light may involve tlu' intenmidiate formation of free radicals. Thus, 
the photo(!homi(!al addition of bromine to acetylene involves the follow- 
ing chain reaction: Br2 — > 2Br; HC=CH + Br HC=CHBr; HC 
=CHBr + Br2 — ^ Bi C'H==CHBr + Br, and the addition of chlorine to 
cis and Iram dichloroethylene follows a similar course.’^* Transitory fn'o 
radicals with free bonds on the terminal atoms have been postulated 
in polymerization processes.*® 

Gouibcrg and Bachmaiin, ihld., 46, 2339 (1924). 

Coin berg and Pernert, ibid., 48, 1372 (1920). 

Grieve and Hey, J. Chan. Sac., 1797 (1934). 

Kharaseh, Kngelinann, and Mayo, J. Org. Chrm.^ 2, 288 (1937) ; Mayo and Walling. 
Chem, Rev., 27, 351 (1940). 

Muller and Schumacher, Z. physik. Chem., B39, 352 (1938). 

122 Chalmers, J. Am. Chem. Soc., 56, 912 (1934) ; Staudingor and Lautenschliiger, Ann,, 
488, 1 (1931). 
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Haber and Willstattcr see the work of free ladicaLs in the Canniz- 
zaro reaction and in many reduction (p. 643) and dehydrogenation reac- 
tions. A chain reaction is induced by a free radical whi(;h is formc^d 
initially from the substrate by removal of a hydrogen atom. In the 
Cannizzaro rea(;tion it is assumed that the CeH.^CO radical is produced 
through r(^a(;tion of a molecule of benzaldehyde with the ion of a heavy 
metal present in minute amounts. The radical then initiates the fol- 
lowing series of reactions: 

CelTsCO + CellsCHO + H^O C,JJ,C02n + C6H5CnOII 
CgHoCHOTI + C^U^CUO CgHgCHoOIT + CgHgCO 

There is a close parallelism bc'twcnai the addition reactions of tlu' 
double bond in unsaturated compounds and those' of the t]*i])ly linked 
carbon atom in free radicals, and a number of investigators havc^ Ix'e'ii 
forced to the conclusion that the double' linkage may ope'u to a slight 
extent to a single bond with the formation of a l)iraeiie\‘il. JOnzyine's, ac- 
cording to Freundlich, may peihaps be free mdicals whie*h are^ stnbilize'd 
because they are adse)rbe'd at a suitable intei-fae'e, and the functie:>n e)f 
certain eaizyme's in re'ae'tiems is t.e) j)roelue*e^ a fre'e radie*al from the sul>- 
strate by removing a liydroge'U atom. It has ])e'e'n sugge'ste^d that the 
formatiem, addition, dispro])e)rlie)natie)n, and ])olyme‘rizatie)n e)f fre'e^ 
radicals may play an important re)Ie' in tl)e proce'ss of bioIe)gi(*al synthe'sis 
and degradation of living cells, under the influence of mild reagents and 
low temperatures. 
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INTRODUCTION 

The ability to undergo addition reactions is the organic chemist’s 
primary criterion of unsaturation, and the three distinct types of organic 
compounds which meet this requirement constitute the great bulk of 
organic chemisty. In substances of the first typo, unsaturation is 
associated with a strained ring structure (p. 100) and addition reactions 
result in ring opening. Cyclopropane and ethylene oxide are examples. 
In substances of the second type, unsaturation is confined to a single 
atom, and addition reactions result in an increase in valence* of that atom. 
Triphenylmethyl and trimethylamine are examples. In substances of 
the third type unsaturation is shared by two adjacent atoms. J'^thylene 
and acetone an; e.xamples. This last type of unsaturate'd compound is 
by far the most common of the throe, and it is the only type which will 
be dealt with in this chapter. 

The six unsaturated groups will be; conside;re;d : C=C, C=0, C=C, 
C=N, C=N, andN02.* Frequently organic compounds contain 
more than one of these six unsaturated groujjs and in sue;h ease;s the 
groups present may be alike or different. Whe;n me)re than one unsatu- 
rated group is pi esent in a mole;e*ule* t he; organic che^mist distinguishes 
betwee*n three pos.sibiliti(;s : twinned double bonds or systems, sue;h as 
C=C=C, where two unsaturations arc shared by the same atom; 
conjugated multiple linkages or systems, such as C=C — C— O, 
where alternate single and multiple linkag(;s an; pr(;.sent; and separated 
multiple linkages or systems, such as C— C — ((Tl 2 )n — C=C, where 
one or more saturated atoms s(;parate the multiple linkages. Not all 
these possibilities can or need be considered in this chapter. The dis- 
cus.sion will be confin(;d to systems containing but one, unsaturated 
group or one unsaturated group and an aromatic ring .syst{;m, to twinned 
double bonds, and to conjugated systems. 

Although unsaturation means primarily the ability to undergo 
addition reactions, there is also associated with it the activating effect 
which unsaturated groups exert on nearby atoms. Victor Meyer as 
early as 1872 observed the surprising reactivity of the a-hydrogen atoms 
in the nitroparaffins and later began a systematic search for other such 
activating or “negative” groups.^ Later Henrich showed that all such 
activating groups were unsaturated.® The activating effects of unsatu- 

* The iiitroso (N=0) and azo (N=N) groups are not considered in this chapter. 
They are discussed in 8idgwick, “The Organic Chemistry of Nitrogen,” new edition 
revised by Taylor and Baker, Clarendon Press, Oxford (1937), Chapter VII and pp. 
431- 437. The unsaturation present in nitrones, azoxy compounds, and amine oxides is 
covered in an article by Smith, Chem, Rev,, 23 , 193 (1938). 

^ Meyer and Stuber, Ber., 6 , 399 (1872). 

* Henrich, Ber., 32 , 668 (1899). 
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rated groups play a role in chemical reactivity exceeded in importance 
only by the addition reactions of these unsaturated groups. As the 
chemical behavior of the various unsaturated groups is described, the 
ways in which and the extent to which they activate adjacent atoms 
will be indicated. 

Unsaturation of the type which is being discussed is almost univer- 
sally repn'sented at present by the double or triple bond with the 
understanding that each individual linkage represents a pair of shared 
electrons. This was not always the case. The ethylenic double bond, 
for example, was originally represented by a single linkage between two 
carbon atoms each of which poss(^ss('d one free valence. It was soon 
recognized, however, that these fn^e valences always occurnid in pairs 
shan'd by two adjacemt atoms and that addition reactions always 
saturated both free valences. From this point it was but a short step 
to represent the two free valences as combining with each other to 
form a second linkage between the two atoms involved. It was carcifully 
stated that the double bond did not imply twice the strength of the 
single bond; rather, it implied reactivity by addition. It is important 
to realize that the current method of representing unsaturation by 
double or triple bonds reveals nothing about the rates at which addition 
reactions take place, nothing about the mod(i of addition where more 
than one mode is possible, and nothing about the mechanism of addition. 
Attempts to (kwi.se a representation of unsaturation which will convey 
this information have not so far been successful. 

SYSTEMS CONTAINING ONE UNSATURATED GROUP OR ONE 
UNSATURATED GROUP AND AN AROMATIC RING 

The Carbon-Carbon Double Bond 

The carbon-carbon douVjle bond, which is the most important 
example of unsaturatiou shared by two like atoms, gives rise to a wide 
variety of addition reactions and also serves to transmit the activating 
or inactivating eirects of substitmaits or other unsaturated groups.® 

CO 2 C..HB C0CH2CH=C1IC02C2Hb 

1 -1- CHsCn^CHCOaCaHB -> | + C 2 IUOII 

00202116 OO 2 O 2 H 5 

Activation of adjacent atoms by the isolated ethylenic linkage is 
neither frequent nor striking. Probably the most important excep- 
tions to this statement are the greater reactivity of the allyl halides as 
* Fuson, Chem. Rev., 16, 1 (1935) ; Blatt, J . Org. Chem., 1, 164 (1936). 
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compared with the propyl halides and the ease of oxidation of the system 
— CH— CH — CH 2 — to furnish an a,|8-unsaturatcd ketone.* 

Reduction. Of the many addition reactions of the ethylenic linkage 
none is more general than the addition of hydrogen which, because of 
its wide applicability, is used to determine the number of ethylenic 
double bonds present in organic compounds. For the isolated ethylenic 
double bond, catalytic hydrogenation is the method par excellence; 
metal combinations arc without effect.* 

Catalytic hydrogenation may be carried out at the ordinary temper- 
ature and pressure when specially prc'pared, highly active forms of 
platinum and palladium are employed. Less exptuisive but also less 
effective is finely divided nickel whose u.se generally requires both high 
pressunj and temperature or a vapor phase reduction. Improvements 
in the preparation of nick(4 catalysts have l(‘d to highly active material 
which mil bring about the hydrogenation of many ethylenic*. compounds 
in the cold.® Catalytic hydrogcai adds most rapidly to isolated double 
bonds, less so to open-chain conjugated double bonds, and least of all 
to the conjugated double bonds prescait in aromaticf ring systems. 
Consequently, by a suitable choice; of catalyst., t(*mp(*rature, and pres- 
sure, hydrogenation may oft,(;n be made sek'ctive ' and may almost 
always be made compk;te. The failure to rcducH*. cc'rtain biphenyl 
derivatives is api)arently the one case in which catalytic i-cdu(!tion of 
ethylenic linkages has not been possible.® 

Oxidation. Under the general topic of oxidation a closely related 
group of reactions will be considered, some of which lead to the addition 
of an atom of oxygen or two hydroxyl gioups to an ethyk'iiic linkage, 
while the others lead to ck'avage of the mol(;cule at the double bond. 
The first few reactions arc^ u.seful primarily in syidlietic work; the 
remaining reactions an* useful chiefly in degradative studies. Peracetic, 
perbenzoic, and monoperphthalic acids form ('poxides by addition of an 
atom of oxygen to ethylenic linkages. The reaction is of somewhat 

^ Semmler and Jakubowitrz, Bcr., 47, 1143 (1914); Bliimarin and Zeitschel, Bcr., 47, 
2623 (1914); Wiiidaus, Btr., 53, 488 (1920). 

* Metal combinations, which are discussed more fully in connection with the reduction 
of carbonyl compounds, will reduce the ethylenic side chain in styrene and its analogs 
but will not reduce the side chain in allylbenzenci and its analogs. ''J'oward metal combi- 
nations and toward a variety of other reagents, styrene and the substituted vinylbenzenes 
behave like substances containing a conjugated system of ethylenic double bonds. Con- 
sequently, those reactions of styrene and its analogs which are the reactions of con- 
jugated systems will be discussed under that heading. 

® Covert and Adkins, J, Am. Chew,. Soc,., 54, 4116 (1932). 

® Dupont, Bull. HOC. chim., [5] 3, 1021 (1936). 

^Spath, Ber., 70A, 83 (1937); Adkins, hid. Eng. Chew., 32, 1189 (1940). Compare 
reference 50(6), and p. 797. 

® Waldeland, Zartman, and Adkins, J. Am. Chem. Soc., 65, 4234 (1933). 
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limited applicability, and epoxides are not the sole products. Accord- 
ing to Boeseken, who has made the most thorough study of the reaction, 
the process involves the addition of a mole of peracid followed by the 
elimination of a mole of acid.® 

RCO 2 OH + >C=C< >C— C< >C— C< -f RC02n 

I I Xo/ 

oil OCOll 

Many ethylenic compounds on treatnumt with the iodo-silver benzoate 
complex furnish the benzoate's of 1,2-glycols.'® In a few i!ases the 
acetates of 1,2-glycols can be obtained by treatment of an ethylenic 
compound with lead tetraacetate.^^ The l,2-gJy(iols tlu'mselves i'e.sult 
from the catalyzed addition of hydrogen pero.xido to ethylenic double 
bonds.^® 

Potassium permanganate reacts with many but not all ethylenic 
double bonds. A safe generalization is that permanganate will react 
readily with any ethylenic linkage where each ethylenic carbon atom 
holds at k;ast one atom of hydrog('n, and it will n'act with many ethyl- 
enic linkages wh('i’{! otk^ ethylenic carbon atom holds at h'ast one atom 
of hydrog('n, but. it will rarely react with eompk'bdy substituted ethylenic 
linkages. Obviously, Ihu'yer’s qualitative* tost for tiie ethylenic linkage 
using permanganate is not reliabke. However, when it does react, 
permanganate is extrenu'ly usc'ful. It can bo used in alkaline, neutral, 
or acidic solution and in water or acetone. If it is u.sed in cold, buffered, 
dilute, aqueous solution the; reaction leatls t o the addition of two hydroxyl 
groups and the product is a 1,2-glycol.'® Ordinarily, however, the 
oxidation is carried further and the molecule is cleaved between the 
carbon atoms originally joiiuid by tlui double bond t o furnish aldehydes, 
ketoiu's, and acids. Such oxidative cleavage with pcirmanganate is 
often used in tlu', determination of structures. In so doing it should be 
kept in mind that ('thylenic linkages frecpu'ntly shift in the presence of 
alkali so that the end products of i)ermanganat<'- oxidation, though show- 
ing accurately enough the whole of the parent molecule, may not 
indicate the original position of an ethylenic linkage. 

® Boeseken and Elsen, Rrc. trar. chivi,, 48 , 303 (1929) ; Boeseken and Schneider, J. 
prakU Chern,, 131 , 285 (1931); Bohine, Bur., 70 , 379 (1937). 

10 Provost, Compt. rend,, 196 , 1129 (1933); Atti cungr, inierii, chim., 3 , 318 (1939) 
[t\ A., 33 , 81873 (1939)]. 

Dimroth and Sc.liwcizcr, Ber., 66 , 1375 (1923); C'riegee, Ann., 481 , 203 (1930). 

Milas and Sussman, J.Am. Chem. Soc., 59 , 2M5 (1937) ; Milas, Sussman, and Mason, 
ibid., 61 , 1844 (1939). (Yniiparc 4'reibs, Ber., 72 , 5 (1939). With certain ethylenes the 
glycols formed are cleaved to aldehydes by the same reagent. Criegee and Richter, Ann., 
622 , 94 (1930). 

13 Wagner, Ber., 21 , 1230, 3347 (1888). 
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Chromic acid functions as an effective complement to permanganate 
as a reagent for the oxidative cleavage of ethylenic double bonds. 
Simple ethylenic compounds, which are oxidized satisfactorily by 
permanganate, arc attacked too vigorously by chromic acid for it to be 
of value. Highly substituted ethylenic compounds, particularly highly 
phenylated compounds, which are unaffected by permanganate are 
frequently oxidized by chromic acid to furnish significant products. 

The addition of ozone to the ethylenic double bond followed by 
decomposition of the resulting ozonides — ozonolysis — is the most 
general and reliable procedure for oxidative cleavage with simultaneous 
location of the double bond,^^ although ozone is not so specific a reagent 
for the ethylenic linkage as was formerly believed.^* The method has 
the dc(!ided advantage that it permits isolation of the primary ck'avage 
products, for the (ixcess oxidant, ozone, can Iwi removed before the \ 
ozonide is cleaved. In oxidations, with permanganate and chromic 
acid the cleavage products aie exposed to the action of the oxidant. 


>C==C< + O 3 


>C— 0— 0— C< 

I Q. 


H/) 
> 


>C=0 + 0=C< + H 2 O 2 


Care must be taken in decomposing ozonides not only because they are 
often highly explosive but also because the hydrogen pc'roxide formed 
in this process may destroy the primary ck'avage products. This latter 
complication may be largely off.set by redu(;tive d('compo.sition,*'’ ])ut 
the d(;com position of ozonides is more complex than the simpk' form- 
ulation given above.^^ 

Ozone reacts more rapidly with open-chain ethjdcnic linkage's than 
with those present in aromatic ring systems, and it rc'acts more rapidly 
with a carbon-carbon than with a carbon-nitrogen double bond. Thus 
the ethylenic linkages in the side chain are attacked on ozonization of 
phenylated ethylenes, and the ozonization of triphenylisoxazole fur- 
nishes the benzoate of benzil monoxime.*® 

CeHsC CCfiHs o CeHsCCOCellB 

II II 11 

N— 0— CCelle " N— 0— COCeHs 

Long, C/iem. Rev., 27, 437 (1940). 

Durland and Adkins, J. Am. Chem. Soc., 61, 429 (1939). 

Fischer, Diill, and Ertel, Bcr., 66, 1407 (1932) ; Whitmore and Church, J. Am.. 
Chem. Soc., 54, 3710 (1932); Church, Whitmore, and McGrcw, ibid., 66, 176 (1934). 

Briner, Perrottet, Paillard, and Susz, Helv. Chirn. Acta, 19, 1163 (1936); Briiier and 
de Nemitz, ibid., 21, 748 (1938) ; Briner, de Nemitz, and Perrottet, ibid., 21, 702 (1938) ; 
Briner, Fraiu k, and Perrottet, ibid., 22, 224 (1939). These articles contain a discussion 
of the structure of ozonides. 

18 Meisenheimer, Ber., 64, 3206 (1921). 
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In general, however, the presence of a carbon-nitrogen double bond 
leads to complications which may render the results of ozonolysis incon- 
clusive. Quantitative data on the rate's of ozone addition to ethylenic 
compounds indicate that the loading of ethylenic carbon atoms with 
phenyl groups or halogen atoms decreases the rate of addition.^® 

Ethylenic hydrocarbons may be converted to ethylene oxides by 
means of oxygen and a catalyst, usually silver, at high temperatures.®® 
Halogens. Chlorine, bromine, and iodine add to many ethylenic 
compounds. Of the three halogens, bromine is the most useful; chlorine 
is too reactive, and its use is ofb'n accompanied by substitution, while 
iodine adds to but few ethylenic compounds. With .simple ethylenic 
compounds, the reaction with chlorine at elevated temperatures and in 
the presence of small amounts of oxygen results almost completely in 
substitution. Thus, propylene furnishes allyl chloride;.®^ 

The instant decoloration of a bromine solution without the evolution 
of hydrogen bromide is a valuabh; qualitative tost for an ethylenic 
linkage, but a nc'gative result with this test is not coi\clusive. As an 
approximation, the rule whi(!h was given for the oxidation of ethylenic 
compounds with permanganate may b(' applied to the addition of 
bromine: bromiiu^ will add to any ethykmic linkage whore each ethylenic 
carbon atom holds at least one atom of hydrog('n, and it will add to 
many ethylenic linkages where one of the ethykmic carbon atoms holds 
at least one atom of hydrogen, but it will randy add to completely sub- 
stitut'd ethylenic linkages. This ruU' is a v('ry gross approximation 
because it does not take into account the chemietd nature of the sub- 
stituents. Unfortunately not a great d('al of pn^cise information is 
available about the effcicts of single substituents on the addition of 
bromine, but it has long been known that tlu; loading of an ethylenic 
linkage with halogen atoms or aromatic groups will hinder addition or 
prevent it completely.®® 

Frequently the products of addition of the halogens to ethylenic 
linkage's will dissociate under suitable conditions to regenerate the 
ethylenic compound and haloge'n — in other words, the process is revens- 
ible. In the great majority of reactions, howeveer, addition is eithe'r 
('ssentially complete or else it does not take place to an appreciable 
extent so that the primary concern is with rates of reaction. In this 
cotmection it should be emphasized that bromine addition is very 

NoUer, Carson, Marlin, and Hawkins, J, Arn, Chew. Soc., 68, 24 (193G). 

Carbide and C>arbon C'hcmicals Corp., U. S. pat. 2,150,341 [(\ .^4., 33, 5S69 (1939)]. 

Groll, lleariic, Kust, and Vaughan, Jnd. b^ng. Chem.^ 31, 1239 (1939) ; Vaughan and 
Rust, J. Org. Chem., 6, 449 (1940); Rust and Vaughan, ‘ibid.. 5, 472 (1940). 

22 Bauer, Bcr., 37, 3317 (1904); 40, 918 (1907); Reich, van Wijek, and Waellc, Helv 
Chim. Acta, 4, 242 (1921) ; Ingold and Ingold, J. Chem. Soc., 2354 (1931). 
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sensitive to catalysis both by polar molecules and by light. The mecha- 
nism of halogen additions has twicn extensively investigated. These 
additions are, in ahnost every instance, trans, and the two atoms of 
halogen add stepwise, not simultaneously. In polar solvents the second 
step frequently involves some addend other than a second halogen atom 
so that along with 1,2-dihalogen addition products other substances 
are formed.^ 

Not only the halogens but also thiocyanogen ^ and iodine mono- 
chloride and monobromide will add to ethylenic compounds. The 
addition of iodine monochlorich; and monobromide to the unsaturated 
glycerides present in such industrially important oils as cottonseed, 
olive, and the like, (lan be made a quantitative proc(;ss by operating 
under strictly controlled conditions. The “iodine numb(!rs” thus 
obtained, which are a measure of tlu; unsaturated constituents pixisent, 
serve as a basis for the control of quality of the oils.-^ The addition of 
the iodine monohalides is not satisfactory, however, as a general analyti- 
cal method for ethylenic compounds.'^® 

Halogen Acids. Hydrogen fluoride,^^ chloride, bromide', and iodide 
add to ethylenic compounds. The addition is often nwiu’siblc, and the 
rate of addition, which is usually slow, is markeully subject, save with 
the fluoride, to catalytic acceleration. The halogen acids furnish the 
first important example's of unsynnnetrie^al atldeaids, anel when hydrogen 
bromide, for examj)le, adds te) an unsymnietrie;ally substb.uted ethylenic 
linkage two isomeric products may result. 

CIIaCHaCIIaBr 4- CTr 3 ClI=CIl 2 + III5r ^ CJTsCHBrClIs 

These possibilities were recognized early in the' developme'nt of organic 
chemistry, and MarkownikotT"® in 1870 pre'senteel a gcnci'alization, 
based on observations of the behavior eef a numbe'r of re'lativedy simple 
ethylenic compounds, which luis made it pexssiblee to predict in many 
reactions the major product of halogen acid aelelition. This generali- 
zation, known as Ma?’kownike)fi"s inlc, may be; stated as follows: whein 
a halogen ae;id (HX) adds te) an un.symmetrical ethylenic e-ompound, 

A review of the evidence for Btepwise addition of halogen and a discustiion of its 
stereochemical implications will 1 h^ found in Hammett, “Physical Organic C'hemistry,” 
McGraw-Hill Book Co., New York (1940), pp. 147 151. Examples of halogen addition 
involving the solvent are reported by Welx;r, Ileniiion, and Vogt, J ^ Am. Chern. Soc.t 61, 
1457 (1939). 

Soderback, Ann., 443, 142 (1925); Kaufmann and Oehring, Bcr., 69, 187 (1920). 

Wijs, Ber., 31, 750 (1898). Details of the method can be found in most books dealing 
with commercial analytical methods. 

Faragher, Gruse, and Garner, Ind. Eng. Chem., 13, 1044 (1921). 

27 Grosse and Linn, J. Org. Chem., 3, 20 (1938). 

2® Markownikoff, Ann., 153, 250 (1870). 
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the halogen (X) xisually appears on the carbon atom carrying the 
smaller numb('r of hydrogen atoms or the larger number of alkyl groups. 
This rule is approximate, not exact. The greater the differences in the 
chemical nature of the substituents on the ethykmic carbon atoms, the 
more closely it is obeyed. Generally, howevexr, it does serve to predict 
the major product of the reaction. While Markownik off’s rule pnxdicts 
adequately the mode of addition of hydrogcai fluoride, chloride, and 
iodide, liydrogcm bromide ofte.n adds in tlie oppo,site sense — abnormal 
addition.^® Exicently it has b(^en found that tlui addition of hydrogen 
bromide' to simple ethylenic com]K)unds follows Markovmikoff’s rule in 
the absence of peroxides and that in the pr('sem;e of peroxides or fer- 
lomagnetie! metals abnormal addition occurs.®® Proper allowance's fexr 
the ixeroxide effect and for solvent, exffee'ts®^ are clarifying many of the 
discrepancies in the literature dealing with t,he additieeii of hydroge'ii 
bromide to e'thylenie; cexmixeainds.* It must be emphasized, howeveu’, 
that this discussieen e)f Markownikoff’s rule has de'alt only with its 
accuracy. No ge'-nea-ally ace-epted the'eu'c'tical cxi)lanatie)n of the course 
of additions to simple; ethylenic e'ompounds has be;eii advane;ed.®^ 

Inorganic Oxygen Acids. 'The' inorganic o.xyge'n aciels, sulfuric aud 
nitric, aeld to ethylenic double bemds.f Sulfuric acid of various con- 
centrations up to 100 per cent either adds to ethylenic linkages as H 
and OSOall in ace'-ordane-e with Markexwnikoff’s rule; to furnish alkyl 
sulfuric acids, or se'ive's te) adel a me)k;cule; of water at the ethylenic 
linkage; and form ale-oheels. It luis ge'ne;rally be'cn as.sumed that the 
alct)liol synthesis jn-oce'eds via an idkyl sulfurie' ae'id whie'h \md(;rge)es 
subseeiuent hydredysis. llexwever, this interju'etatiem is inconsistent 
with the facts that the yie'lels of ale‘e>he)ls are favejred by the use of dilute 
ae;id and low te'mperatures and that ah'ohexls can be isolateel from the 
reaction mixtures unde'r cexnditions such that the alkyl sulfuric acids 
ai'o not appre;e;iably hydrolyzed.®® 

Kharasrh, Klcigur, aiul Mtiyo, J . Org. (lievi., 4, 428 (1930). 

Kharasch and Mayo, J, Am, Hum. Sac., 65, 24(i<S (193.S), and later articles. For a 
summary of work on ilic peroxide effect in the addition of lialoKen acids and other addends 
to ethylenic compounds, see Mayo and WalliuK, Chrtu, Rev., 27, 351 (1940). 

Sherrill, Mayer, and Walter, J. Am. i'hvm. Sue., 56, 92() (1934); Sherrill, ihul., 56, 
1045 (1934); Linstead and llydon, J. Hu m. Sue., 2002 (1934); Kharasch and Fotts, ./. 
Am. HiC7n, Sue., 68, 57 (1930) ; Michael and Wiener, J. Org. ('hem., 4, 531 (1939) ; O’C'on- 
nor, lii^-ldinger, Vofi;!, and llennion, J. Am. Cfwm. Sue., 61, 1451 (1939). 

♦ The peroxide effect plays a jiart in the reactions between cthylenes and other addends 
than hydrogen bromide. See below under Miscellany, p. 041. 

Michael, J. Org. Chem., 4, 519 (1939); Michael and Wiener, ibid., 4, 531; 6, 389 
(1940). 

t Many ethylenic compounds rearrange and polymerize or polymerize directly in the 
presence of mineral acids. C'ompare p. G41. 

Brooks and Humphrey, J. Am. Chem. Soc., 40, 822 (1918); Plant and Sidgwick, 
J . Soc, Chem. lad., 40, 14T (1921). 
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In the absence of water it has been believed, following Wieland,®^ 
that sulfuric and nitric acids added as 110 — SO 3 H and HO — ^N 02 with 
subsequent esterification of the hydroxyl group in the compounds thus 
formed. In support of this view was the isolation of ethionic acid, 
carbyl sulfate, and j 8 -nitroethyl nitrate from the interaction of ethylene 
with sulfuric and with nitric acids. Michacil has challenged this inter- 
pretation and has shown that the formation of ethionic acid and carbyl 
sulfate takes place only whem fuming sulfuric acid is used.^® For their 
formation he suggested the following processcis; 

CIIip=CH2 + HOSO2OSO2OII IIO3SCII2CH2OSO2OH 



CH 2 =cn 2 + SO2 SO2 cn 2 — C1I2 



0 ,S 02 

Using nitric acid and ethylene Michael found that addition takes place 
as H — ONO 2 ; the nitro esLc'rs and iiitroalkylencs isolatcxl by earlier 
investigators an; the result of an indirect niti-ation by means of the 
nitrous oxides generatcid by oxidative; side reactions (p. 176).''’® 

H3q>ohalogen Acids. Hypochlorous and hypobroinous acids react 
readily with many ethylenic compounds. In ci;rtain of these r(;actions 
water solutions of the halogem are effc'ctivc. When an alcohol is us(;d 
as a solvent the product is oft(;n that substance which woukl be obtained 
by the addition of the alkjl hypohalilc corr('sj)onding to the alcohol; 
compare the mechanism of halogen addition, ]). 037. In hypohalitc addi- 
tions to unsymmetrical (;thylenes both possible pj’oducts are usually 
obtained, but the principal product results from the addition of hydroxyl 
to the carbon atom holding th(; smaller number of hydrogen atoms 
(contrast the mode of addition of halogen acids described on p. 638). 
The addition of hypochlorous acid to iHopylene furnishes the same mix- 
ture of isomers in the same proportion that is obtained by the ring 
opening of propylene oxide by hydrochloric acid.^^ In line with this 
fact is the suggestion that hjqjochlorous acid and ethykaies react first/ 
to give ethylene oxides and hydrochloric acid; the oxides are then 
opened by the hydrochloric acid to form chlorohydriiis.’** 

^^Wieland and Sakcllarios, Z?rr., 62 , 898 (1919); 53 , 1201 (1920); Wicland and ilalin 
Ber., 64 , 1770 (1921). 

Michael and Wiener, J. Am, Chew. Sue., 58, 294 (193(>). 

Michael and Carlson, ibuL, 67, 1208 (1935). 

Smith, Z. j)hys'ik, Ckcin., 93 , 59 (1919). 

** Michael and Carlson, J. Avi. Chcni. Sue., 67, 1208 (1935). 



UNSATURATION AND CONJUGATION 641 

Friedel-Crafts Reactions. A number of reactions may next be con- 
sidered whereby paraffins, cycloparaffins, and aromatic hydrocarbons, 
phenols, acyl halidcvs, and a-chlorocthers may be addcid to ethylcnic 
hydrocarbons. These reactions, which are brought about under the 
influence of catalysts .such as the chlorides of aluminum, zinc, and 
bismuth, boron trifluoridc, hydrogen fluoride, and sulfuric acid maj'^ be 
considered as variants of the Friedel-Crafts syntheses (pp. 179, 553). 

(cn3)3CH + cn2=cn2 (cn3)3CCH2CH3 »» 

CfilleOH + CH3CH=Cn2 061160011(0113)2^ 

CoHbCOCI + CIb-=CIl 2 CcHeCOCHiCHjCl -> CoIIsCOCII^CIb -f HCl 

OIOH 2 OOH 3 + 0113011=0112 OH 3 OHOIOH 2 OH 2 OOH 3 ^2 

They are applieabh^ to a wid(; range of ethylcnic compounds. Uul(\ss 
th(i reactions arci cariF'd out under carefully specified and controlled 
conditions eomi)lex mixtures of ])roducts are likely to result, for the 
same catalyst, s which arc; ('fiective in the above addition ])roc,(;ss('s are 
also the one's which usually jjolynierize ethylcmic hydrocarbons."'® 
Although thcise reactions are not of much imi^ortancc' in the laboratory, 
they are of tremendous imjrortance in the manufacture of fuel for 
int(!rnal-coml )ustioTi engine's. 

Miscellany. A final grouj) of re'actions, the; addition of sulfur com- 
pounds, nitrogc'n compounds, and mercuric salts, remains to be; con- 
sidered. Thc'se addition rcaedions are' of k'ss gene;ral applicability than 
those; already discussed, and tliear study has not progressed to the; same 
('xtent as the' study of the; addition reactions conside're'd earlier. 

Sulfur chle)ride aelels to many ethylcnes; the reactiem is the basis for 
the manufacture; of must ard gas. 

2Cri2=CIl2 + S 2 CI 2 CICH 2 CII 2 SCII 2 CII 2 CI -f S 

Sulfur and hydrogen sulfide react with e;thyle;nos to form mcrcaptans 
so that the final products in the reaction between these substances and 
ethylcnic hydrocarbons are the; products resulting from the addition of 

Ipatieff, Grosse, Pines, and Komarewski, 68, 913 (1930) ; Ipatieff, Corson, and 
Pines, ibid., 68, 919 (1930). 

Sowa, Hinton, and Nieuwland, ibid., 64, 3094 (1932) ; Niedcrl and Whitman, ibid., 
66. 1900 (1934). 

Norris and Couch, ibid., 42, 2329 (1920) ; Allen, (.'ressinan, and Bell, Can. J. lie' 
search, 8, 440 (1933) ; Coloiige and Mostafavi, 1i\dl. soc. chini., [5j 6, 335 (1939). 

Scott. U. S. pat. 2,024,749 (1935) ; Straus and Thiv\, Ann., 525, 151 (1930). 

43 Ipatieff and Grosse, J. Arn. Chem. Sue., 67, 1010 (1935) ; 68 , 915 (1930) ; Nash and 
Mason, Ind. Eng. Chem., 26, 45 (1934). 
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mercaptans to the double bond.'*^ The peroxide effect is encountered 
in the addition of mercaptans. In the addition of bisulfite to ethylenes 

CH3CH2CH2SCII2CH3 CH3CII=CH2 + C2H5SH > 

present absent 

(Cll3)2CHSCH2CH3 

the presence of oxygen or peroxides is essential.^® 

Nitrosyl chloride, nitrogen trioxide, and nitrogen tetroxide add to 
many trisubstituted ethylenes and have been widely used in the terpenc 
series in order to secure solid derivatives. TIk; bimolecular addition 
products originally formed undergo, whenever possible, a shift of a 
hydrogen atom to furnish oximes."'® 

21l2C=CHR + 2NOC1 [R2CC1C(N0)HR]2 -> 2 R 2 CCICR 

II 

NOH 

Recent studies on the trioxide and tetroxide additions indicate that the 
reactions are more complex than was formerly beli(wed and that earlier 
generalizations are of doubtful validity.^^ Phenyl azide and diazo- 
methane add to a limited number of ethylenes, tlu; reactions serving as 
a method of synthesis of triazoles and pyrazoles.^® 


CeHaCH N\ CelloCH NCeHs 

II + ||>NCoH3 1 I 

CH2 Cl la N 


CH2=CHBr + CH2N2 CII2 CIP CH— CH^ 

I >N -> II >N 

CHBr— NH/ CII— NIF 

Organomagnesium halides do not add to the ethylenic linkage. The 
elements of methoxymercuric acetate do add to ethylenes to give 

Posner, Dcr., 38 , 646 (1905) ; Ashworth and Burkhardt, J, Chern, Soc.^ 1791 (1928) ; 
Carothers, J. Am. Chem. Soc., 65 , 2008 (1933); Jones and Reid, ibid., 60 , 2452 (1938); 
Ipatieff, Pines, and Friedman, ibid., 60 , 2731 (1938) ; Mayo and Walling, Chem. Rev., 27 , 
351 (1940). 

Kharasch, May, and Mayo, J. Org. Chem., 3, 175 (1938) ; Kharasch, Schenck, and 
Mayo, J. Am. Chem. Sue., 61 , 3092 (1939). 

Schmidt, Ber., 35 , 2323, 3727 (1902); Schmidt and T.eipprand, Bcr., 37 , 532 (1904); 
Wieland, Ann., 424 , 71 (1921). 

Michael and Carlson, J. Org. ('hem., 4 , 169 (1939) ; 6 , 1, 14 (1940). 

Wolff, Ann., 394 , 68 (1912) ; Alder and Stein, Ann., 601 , 1 (1933) ; Oliveri-Mandala 
Gazz. chim. ital., 40 (1), 117 (1910) ; Wieland and Probst, Ann., 630 , 274 (1937). 
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products stable in non-acidic media. The addition is accelerated by 
electron acceptors and retarded by electron donors.^® 

The Carbon-Oxygen Double Bond 

The carbonyl group occupies the same position of major importance 
among unsaturations shared by two unlike atoms which the ethylenic 
linkage holds among unsaturations shared by two like atoms, and the 
addition reactions of the carbonyl grf)up are, for synthetic purposes at 
least, of greater importance than those of the ethylenic double; bond. 
There are wide variations in the rates of addition to carbonyl com- 
pounds and equally wide; variations in the positions of eeiuilibrium of 
such of the addition reactions as are rev(;rsibl(;. Detail(;d information 
on the; redative reactivitie's of carbonyl comjjounds in aelelitieen reactions 
is fe)unei in Chapter 13 (p. 1019) anel in the paragraphs below. 

Reduction. In contrast with the ethylenic linkage which is amen- 
able only to catalytic hyelreigenatieen, the; carbonyl group can be reduced 
both catalytically and by means of metal cennbinatierns. Catalytic 
reduction k'ads to the; femnation erf primary alcohols from alde;hyde;s 
and secernelary alcerhols from ketones. The carbernyl grerup erften acts as 
a poison to platinum catalj^sts; the catalyst must then e'ithe;r be reacti- 
vated by fieeiuent, shaking with oxygen err irrertecteel by the aeldition of 
an iron salt. Such use of iron salts as promoters often make;s possible 
the preferential re'ductiern of a carbonyl group in the presence of an 
et.hyle;nic linkage.^® 

Metal combinations, which have; not been cernsielered up to this time, 
consist of a beise' metal (serdium, zinc, magnesium, and various amalgams) 
with a hydrogen donor which may be* enther an aciel, a base, or a neutral 
merlecule such as water or alcerherl. Alelehydes on reeluction wdth me'tal 
combinations furnish primary alcohols. Ke;t.one‘S, however, on similar 
treatment undergo bimolecular reeductiern and give almost exclusively 
1,2-glycols, known as pinacols. When magnesium amalgam is used, a 
magnesium derivative; which furnishes the pinacol on acidification can 
be isolated. This fact indicates the imperrtance of the metal in bimolec- 
ular reductions, and it has been suggested that such reductions proceed 
thremgh the addition of the active metal ter the oxygen atom with for- 
mation e)f a comple'x having a fren valence. This complex can combine 
either with a similar com})lex or with a second atom of metal. Dccompo- 

Wright, J. Am. Chem. .Soc., 67 , 1993 (1935) ; Birks .iiid Wright, 62 , 2412 (1940). 
(o) Adams and Garvey, ibid., 48 , 477 (1920) ; (5) Weygand and Werner, Her., 71 , 
2469 (1938) ; (c) Sauer and Adkins, J. Am. Cfwm. Soc., 59 , 1 (1937). 
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sition of the resulting metallic derivatives by the hydrogen donor fur- 
nishes the final products.^ 

MgH^x HX 

2(CH3)2C=0 > (CH3)2C C(CH3)2 (CH3)2C C(CH3)2 

t I II 

O 0 oil OH 

\ / 

Mg 

Complete reduction of the carbonyl group to a mcthyl(;ne group is also 
possible using metallic combinations (th(; Clommonsen procedure 
employing amalgamated zinc and hydrochloric acid or by way of the 
hydrazones or semicarbazones and alkoxides (Wolff- Kishncir method®**). 
In certain cases this type of reduction can be effected catalytically.®^ 

A third method for rcxlucing many aldehydes and some ketones to 
the corresponding alcohols d('pends upon th(i simultaneous dehydro- 
genation of an alcohol to a carbonyl compound.®® 

Al(OC2ll5)3 

CClaCHO + CH3CH20n ^ » CCbCIIaOH + CH3CHO 

The reaction is reversible, and the carbonyl comj)ound formed must 
be removed in order to carry tlu* reaction to coinpletion. As may be 
observc'd from the illustration, this process perinils the n'dutttion 
of carbonyl groups even wlu'n there are present other react iv(' groujis 
which woxild be attacked by the ortlinary reducing agents. Many 
reductions of carbonyl compounds which havci been ascribt'd to 
the Grignard rc'agent arc in reality due to the i)rocess just described. 
For example, the n'dviction of bcnzaldehyde. on treatment wit h an insuffi- 
cient amount of (hhylmagiK'sium bromide is a result of llu^ reaction 
between the bromomagnesium alkoxide of ethylphc'iiylcaibinol and the 
excess bcnzaldehyde;.®® A limited nurnlrer of caibonyl compounds can 
be reduced by the Grignard reagent iistilf ; the proc(;ss is (uitirely differrait 
from the alkoxide reduction and will be described in connection with 
the addition reactions of the Grignard r(;agent. 

Organic acids are extremely difficult to reduce. This probably indi- 

Willstiitter, Seitz, and Bumm, iitr., 61 , S71 (192S). 

Cleinmenscn, Bcr,, 46 , 1838 (1913) ; 47 , 51, 681 (1914) ; Martin, ,7. Am, Chem, <Soc., 
68 , 1438 (1936). 

63 Wolff. Ann., 394 , 86 (1912). 

6* Faillebin, Compf. rend, 177 , 1118 (1923). 

66 Meerweiii and Schriiidt, Ann., 444 , 221 (1925) ; Lund, I3cr., 70 , 1520 (1937) ; Tk^rsiu, 
angew. Chem,, 63 , 266 (1940). For a six.H*ial method of reducing aromatic aldehydes to 
primary alcohols with simultaneous oxidation of formaldehyde to formic acid see the 
Cannizzaro reaction (p. 649). 

66 Meisenheirner, Ann., 446 , 76 (1926). 
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cates the absence of a true carbonyl group in the acids themselves, for, 
as soon as the dissociable hydrogen atom is removed by esterification 
or by the formation of derivative's such as lactams, anhydrides, or 
chlorides, rc’duction takes place more readily. 

Alkali Bisulfite. On tre'atment with an aqueous solution of an alkali 
bisulfite, almost aU aldc^hydes, many methyl ketones, and a few cyclic 
ketones will add a mole of bisulfite and form alkah salts of a-hydroxy- 
sulfonic acids.®’ Thc'se salts are crystalline solids, spaiingly soluble in 
the presence of excess bisulfite, luid ai-e of practical importance in the 
isolation of (larbonyl compounds. Since, further, the addition reaction 
is reversible, the; alkali bisulfite can be destroyed (dtlier by alkali or 
acid and tlu' cr rbonyl comjiounds can thus be regenerated; the addition 
products arc uscifiil in the purification of carbonyl comi)ounds. 

/” 

R— C~OII 

I 

SOjNa 

With simpk' carl)onyl compounds the rate of bisulfite addition is 
dccrc'ased by increasing th(' siz{' or the comi)l('xity of the hydrocarbon 
residues attaclujd to the carbonyl carbon at,om. The data in Table I 


R--C + NallSOs 
T) 


TABLE I 


Substance 

Per Cent Reacted After One Hour 

KHSO 3 

NJTsOn 

CbIIbNHNHj 

Any aldehyde 

70-90 

(CcILbCHO 85) 


CliiiCOCII:! 

22 

82 

6 G 

ClLiCOCH-jCIIa 

U 

75 

52 

CH 3 COCH 2 CII 0 CH;, 

12 

72 

38 

CH3C0CII(CH3)2 

3 

33 

15 

CalhCOCalls 

2 

38 

11 

CH;,COCcHb 

1 

8 

4 

CII 2 — CH 2 




/ \ 




CJTo CO 

35 

92 

40 

\ / 




CH 2 — CH 2 





■'’liaschig and Prah’., Brr., 61 , 179 (19:18); Lauer and Langkammerer, J. Am. Chem. 
.Sac., 67 , 2300 (193.')) ; Caugldan and 'I'artar, I'hid., 63 , 1265 (1941). 

Potrenko-Kritschenko and Kantsolieil, jScr., 39 , 1462 (1906). Compare also Stewart, 
J. Chem. Sue., 87 , 186 (1905). 
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illustrating these effects arc of fundamental importance in any con- 
sideration of the addition reactions of the carbonyl group, for, as will 
be seen later, toward other addends the order of reactivity of simple 
carbonyl compounds is, with few exceptions, the same as that toward 
bisulfite. This statement is not to be interpreted as indicating that the 
steric effects just mentioned are the only factors determining the rate 
of addition to the carbonyl group but rather that they are usually the 
predominant factors. 

Hydrogen Cyanide. In the presence of a base, hydrogen cyanide 
will add reversibly to the carbonyl group to form an hydroxynitrih^ 
(p. 1035).®® This reaction, whicih is of wider applicability than the 
bisulfite addition, is a valuable .synthetic tool. 

Rv OH- /OH 

>C=0 + HCN <_=-> )>C< 

R/ r/ ^CN 

Grignard "Reagent (p. 495). Tht' Grignard r('ag('nt adds irreversibly 
to formaldehyde to yield primary alcohols; to oth('r aldehydes and to 
esters of formic acid to furnish .secondary alcohols; and lo ketones and 
esters of organic acids other than formic to yi('ld tertiary alcohols. 
Three other reactions, reduction, replacement of «-hydrogen, and con- 
densation, may, however, interfere with the normal addition of the 
Grignard reagent to the carbonyl group. Thus, wdien diisopropyl 
ketone is treated with isopropylmagn(i.sium bromide, the; products are 
diisopropylcarbinol and propylene; when ac(;tomesitylene is treated 
with methylmagncsiuin iodide it evolves oik; molar equivalent of methane 
and forms an iodomagiKisium enolate fi'om which acetomesitylene can 
be recovered on acidification; and wIkmi ethyl phenylacetate is treated 
vdth isopropylmagn(!sium bromide, condensation to a, 7 -dii)henylac('to- 
acctic ester occurs. The correlation of the.se three rciactions and addition 
with the structures of various carbonyl compounds and Grignaid 
reagents is illustrated in Table II. 

From the data in Table II it is seen that an increase in the size or 
the complexity of the groups present in the carbonyl compounds or the 
reagent generally decreases the extent of the normal addition reaction. 
However, size and complexity of the substituent groups are not the only 
significant factors. A definite amount of complexity causes less inter- 
ference with addition when it is present in the ketone than when it is 
present in the reagent. These complications so curtail the effectiveness 
of the Grignard reagent as a synthetic tool that, by present methods, 

Lapworth, J, Chem, Soc.y 83 , 995 (1903) ; Lapworth and Manske, ibid,, 2533 (1928) 
1976 (1930). 
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TABLE 11®“ 


Substance 

CHsMgl 

n-C4H9MgBr 

or 

7i-C;iH7MgBr 

iso- 

CsHrMgBr 

tert.- 

C4Hs,MgCl 

CHsCHO 

AA 


A 

A 

(CH3)2CHCII0 

A 


AA 

AR 

(CH3)3CCH0 


AA 

AR 

RR 

CH 3 COCH 3 

AA 

AA i 

AA(C) 

A 

C 2 II 6 COC 2 HB 

AA 

AA 

AA 

c 

CHsCOCHCCHs). - . 

AA 


AA(R) 


CIl3COC(CH3)3 

AA 

All 

EC 

EC 

(CH3)2CHC0CH (CIl3)2 . 

AA 

AR 

RR 

RR 

(CH3)3CCOC(CIl3)3 .... 

AA + 

RR 

RR 

RR 

(CH3)2CHCO..CoH(i 



RR 


C6H5CH2CO‘>Coji5 



EE, CC 


CeHsCOCoHs 

AA 

R 

A A 







A — addition. Iv — roduction. t == no icaclion with C’<, IlfjAlyBi C -- coiKlonFatioii 
I*j — rcplaoomrnt nf «-lI. A sini.'^h' h'ttci indirataa ai>i)roxii iat« ly 50 pel e(>nt leactum; a doiihlc 
letter indicates Krealet tliaii 50 p('r cent reaction. 


it is not possible' to prepare secondary alcohols containing two tertiary 
groups or te'rtiary alcohols containing more than two branche cl-chain 
groups. The nie'clianism of re'duction by orgaiioinagnesiuin halid(‘S is 
not agreed upon; reduction can generally be avoided by using irish'ad of a 
Grignard reagent thc^ corr('si)ondiiig organolithiuiii compound, and 
frequently the organolithium compounds will add to carbonyl groups 
that arc unaltaeked by the Grignard reagent.^^ 

Reformatsky Reaction (p. 548). The R(4ormatsky reaction®- is 
related to tlu'. Grignard rtuieiion. The preparation of a Giignard 
reagent from a bromo(\st-('r is not prae.ticabk^, for the organomagnesiuin 
compound foimed from one moleeiile reacts with the (\stcr group pn^sent 
in a sec'.ond molecule. Treatment of an ester of an cy- or jS-brornoacid 
with zinc in the presencci of an aldehyde or kc^-one rc'sults in the forma- 
tion of an ester of a jS- or 7 -hydroxy acid. The Heformatsky reaction, 
because of its scdectivity and wide applicability, is a valuable method 
for ihe synthesis of hydroxyesters and their dcdiydration prodiuds. 

All the addition reactions of the carbon^d group which have been 
considered up to this point can be formula t(^d in the same way: the 

Conant and Blatt, J. Am. Chem. Soc., 61 , 1227 (1929) ; Conant, Webb, and Mendnm, 
ihid.y 61 , 1246 (1929) ; Blatt and Stone, ibid.^ 64 , 1495 (1932) ; Kharasch and Weirihoiise, 
J. Org. Chem., 1 , 209 (1936). 

Wittig and Petri, Bvr., 68, 924 (1935). 

Heformatsky, Ber., 28 , 2842 (1895) ; Ilaberlaiid and Heinrich, Bcr., 72 , 1222 (1939). 
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addition of hydrogen, or a metal which is replaced by hydrogen in the 
final product, and a second fragment A. The mode of addition is 
always such that hydrogen adds to oxygen while the balance of the 
addend goes to carbon, and the primary addition products always con- 
tain an hydroxyl group. 


Carbonyl 

Compound 

H 

R— C"^ 


R— C 




H 




R— C 




O 

H 




0 

H 


R— C 






O 


R— C 




H 




O 

H 


R— C 




O 


Addend 

II— A 

H— H 

II— SOaNa 

II— CN 

XMg— R 


Product 

II 


R— C— on 

I 

A 

II 

R— C— OH 

1 

II 

H 

/ 

R— C-OH 

I 

SOaNa 

H 

/ 

R— C— OH 

I 

CN 

H 




H 


R— C— OMgX R~C— OH 

I I 

R R 


H 




n 


BrZn— CH2CO2C2H6 R— C— OZiiBr R— C— Oil 


(!:!Il2C02C2H6 


CH2CO2C2HS 


In the mode of addition to the carbonyl group there is no such ambiguity 
as is observed in the addition of unsymmetrical reagents to the ethylenic 
double bond. 

Synthesis and Condensation. The same formulation, addition as H 
and A, applies also to the reactions of condensation and synthesis with 
carbonyl compounds which are next to be considered. In these two 
groups of reactions, however, the primary hydroxyl-containing addition 
products are seldom isolated; instead the reactions usually go a step 
further and a molecule of water is eliminated with the formation of 
vmsaturated compounds. The distinction made here between reactions 
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of condensation and synthesis is a practical rather than a rigorously 
logical differentiation; in reactions of synthesis new carbon-to-carbon 
linkages arc formed.* 

In their reactions of synthesis, aldehydes display greater versatility 
than ketones. Aldehydes will undergo reactions of synthetic value with 
themselves, with other aldehydes, with ketones, and with other classes 
of unsaturated compounds. The course of the reaction between two 
moh'cuh's of an aldehyde dejumds both upon the structure of the alde- 
hyde involved and upon the condensing agent employed. Thus, if an 
aldehyde such as bcnzaldehydc which has no a-hydrogen atoms is 
treated with cyanide ion, certain metals, or ultra-violet light, a benzoin 
is formed. “ 

2C6H5CTIO CellBCIIOHCOCsHs 


The reaction is reversible,®^ and it is possible to prepare mixed benzoins 
by the interaction of two different aldehydes.®® None of the mechanisms 
suggested for the reaction has gaiiual general acceptance. If, instead 
of cyanide ion, strong alkali is cmploy('d, the C’annizzaro reaction takes 
I)lace.®® In this reaction one molecule of aldehydci is oxidized to the 
corresponding acad while the second is reduced to a primary alcohol. 


2CH0O -h NaOH -»■ CH3OH + HCOzNa 


The presence of peroxides is essential.®^ A crossed Cannizzaro reaction 
using formald(4iyde and an aromatic aldehyde offers a convenient 
method of rtHlucing the aromatic aldehyde essentially quantitatively 
to the corresponding primary alcohol.®® Still a third variant is the 
Tischenko reaction wdiereby two molecules of an aldehyde, which may 
or may not (sontain a-hydrogen atoms, are converted to an ester by the 
use of an alkoxide catalyst.*® 


2RCUIO 


AUOCjHPs 


> RCO2CH2R 


* Where no distinction is desirable, it is not uncommon to find the term “condensa- 
tion’' applied to reactions resulting in a new carbon-carbon linkage. 

Schorigin, Issaguljanz, and Gussewa, Bcr., 66, 1431 (1933) ; Wohler and Liebig, 
Ann., 3 , 276 (1832). 

Smith, Ber., 26 , 65 (1893) ; Anderson and Jacobson, J. Am, Chem, Soc., 45 , 836 
(1923) ; Buck and Ide, ibid., 53 , 2350, 2784 (1931). 
fi^Buck and Ide, ibid., 52 , 220, 4107 (1930). 

Delcpine and Iloreau, Bull. soc. chini., [5] 4 , 1524 (1937) ; Eitel and Lock, Monaish. 
72 , 410 (1939). 

Kharasch and Foy, J. Am, Chem. Soc., 57 , 1510 (1935). 

Davidson and Bogert, ibid., 57 , 905 (1935). 

Tisebeuko, /. Chem, Soc., 92 , 182, 282, 284 (1907). 
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When an aldehyde having an a-hydrogen atom is treated with acids 
or bases aldolization takes place. 


,11 

CH3C4 + CH3C/ 




0 




0 


CH3CH0HCH2C^ 


H 

0 


This first step is easily reversible. A second step, loss of water, which 
is brought about by the same catalysts, is also, but less readily, reversi- 
ble. 

Al M 

CH3CHOIICH2C4 CH3CH=CHC\ -h II2O 
^0 


The unsaturated aldehyde formed as a result of aldolization can react 
with another molecule of aldehyde. 




Ai 


Al 


CH3cn=CH(X + ch 3C^ cn3Cii=ciiCHoncii2C: 




o 


o 




o 


,II 

CIl3CH=CII— CH=CI1C/ + II2O 

^0 


Progressive aldolization of this type which takes place in the presence 
of strong bases leads eventually to aldc^hyde resins. 

The term aldolization need not be limited to the reaction between 
two molecules of an aldehyde. It can (‘qually well be api)lied to all 
those reactions of synthesis which involve the addition to a carbonyl 
compound of an unsaturated compound containing an a-hydrogen 
atom. The primary hydroxyl-containing addition products are seldom 
isolated, however, except in the reaction betwecai two molecules of an 
aldehyde. When the two components are an aldehyde and a ketone, 
the product is usually an unsaturated ketone. 

CeHfiCHO -1- CTIjCOCeHs ^ CeHsCHOITCIIaCOCellB ^ 

C6ll5CII=CnCOC6H6 + II2O 


When two a-positions are available in the kett)nc both may usually be 
made to react and often both the possible products can be obtained. 

CJIbCHO -1- CHaCOCIIa CeH6CII=CHCOCH3 + IbO 
C,Il6Cn=CHCOCHs -I- CJIjCHO C6ll6CH=CHCOCII==CHCoI]6 -1- II2O 

When an unsymmetrical ketone is employed, the course of the reaction 
can be controlled by the choice of the catalyst.’® 

Harries and Muller, Ber., 35, 9GG (1902). 
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CeHsC + CHsCOCH2Cn3 



C6HBCH=CHCOCH2Cn3+ IhO 



CH3 

C6lT8Cn=CCOCH3 + II2O 


The carbonyl group in ketones is less reactive than that in aldehydes. 
As a consequence aldolization between two inok'cuhis of a ketone takes 
place but rarely. Exceptions are to be found in the most reactive 
ketones, acetone and cyclohexanone. 

2CH3COCH3 (CH3)2CCIl2COCIl3 (CH3)2C==CHC0CH3 + H2O 

OH 


Aldolization followed by loss of water will also take place between an 
aldehyde and an acid anhydride — the Perkin synthesis — if the reaction 
is forced by sufficiently drastic conditions. The anhydridi', pc'rhaps as 
an enolate, adds to the aldehyde, the sodium salt serving as a basic 
catalyst. 


CelUc/^^ + (CIl3CO)20 
^0 


CcHaCHCHsCOOCOCHa 

I 

OH 


CelTBCH^CHCOall + CH3CO2H 


In support of this mechanism is the fact that the sodium salt can be 
replaced by other basic catalysts, cert ain amines, or inorganic salts such 
as potassium carbonak'. Furthc'r, when the Perkin reaction is run with 
benzaldt'hyde, the salt of one organic acid and the anhydride of a differ- 
ent organic acid, or with equilibrated salt-anhydride mixtun's, the ratios 
of cinnamic acid and substituted cinnamic acid formed are consistent 
with the ecjuilibrium position of the interchange reaction 

2CH3C02Na + (RCHaCOlsO (CHsCOlsO -f 2RCH2C02Na 

only when it is assumed that the anhydride condenses with the alde- 
hyde. The interpretation just given is the original one advanced by 
Perkin; it was for many years believed, following Fittig, that the rea(^- 
tion involved addition of the sodium salt to the aldehyde and that the 
anhydride dehydrated the resulting addition product.* 

* The interpretation given above is a result of the work of se^'eral (‘homists. An 
important eontrihution to this interpretation and an admirable survey of all the evidence 
is given by Breslow and Hauser, J, A7n. Chem. Soc.^ 61 , 780 (1939), and by Hauser and 
Breslow, ibid., p. 793. 
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Aldehydes and occasionally ketones may undergo aldolization with 
esters. Metallic sodium or an alkoxidc in an hydroxyl-free solvent is 
employed as a catalyst. 

(CH3)2C0 -I- CH2CO2C2H6 (CH3)2C=C— CO2C2HB 

I ^ 1 + H 2 O 

CH2CO2C2IIB CH2CO2C2H6 


In the aldolization processes just described the carbonyl group has 
played a dual role; in one molecule it has served as the unsaturated 
group to which addition takes place, and in the s(!Cond molecule it has 
served to activate a hydrogen atom in the a-po.sition sufficiently to bring 
about addition. This second role of activating a-hydiogen atoms is 
also played by other unsaturated groups, and aldolization will take 
place, for example, between a carbonyl compound and an aliphatic 
nitro compound or a nitrile. * 


CbHbC^ 

CaHeC^ 


H 

+ CH3NO2 C6HbCII=CHN02 + H2O 

0 

H 

+ CaHaCHsCN ^ C6 HbCH=C(C6Hb)CN -|- 1120 
0 


At the beginning of this chapter it was stated that the activating effect 
of unsaturated groups on adjacent atoms was sc'cond in importance 
only to the ability of these unsaturated grouj).s to undergo addition 
reactions. The variety and usefulness of the various aldolization 
reactions which have just been dc'seribed serve to illustrate this state- 
ment. 

The most important condensation reactions of the aldtdiydes and 
ketones are those with aniline, hydroxylamine, hydrazine, phenylhy- 
drazine, and scmicarbazidc. The first of these gives rise to Schiff’s 
bases; the remaining four furnish oximes, hydrazones, phenylhydrazones, 
and semicarba zones — derivatives frequently used for the isolation and 
identification of carbonyl compounds. The mechanism of these con- 
densation reactions has been shown to involve addition of the reagent 
and subsequent elimination of water from the addition products. 
Both steps are reversible. 

.H .H 

R— C4 -t- NH 2 OH R— C— OH R— C4 + H 2 O 

^0 1 ^NOH 

NHOH 

1' For a discussion of the reaction mechanism, see Cope, J. Am. Chem. Soc., 69, 2327 
(1937). 
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The chemical evidence for this mechanism is the isolation in favorable 
cases — chloral, o-nitrobenzaldchyde — of the intermediate addition prod- 
ucts. The physical evidence is the fact that the rates of these condensa- 
tion reactions for a series of carbonyl compounds are comparable with 
the rates of bisulfite addition to the same compounds. In Table I, p. 
645, are shown the rates of oxime and phenylhydrazone formation for a 
comparison with the rates of bisulfite addition. 

More precise measurements of the rates of carbonyl condensation 
reactions are to be found on p. 1049. H(!re it nec^d only be noted that 
these more refined and extensive modern studies have shown that the 
rates of carbonyl addition reactions are not determined exclusively by 
such steric factors as t he size aiid comph'xity of the groups present in the 
carbonyl compound. 

The carbonyl group in esters reacts with hydroxylamine, hydrazine, 
ammonia, and similar comixninds, but alcohol rather than water is 
eliminat(^d in the second step of lh(5 pi’oc(;.ss. The products of these 
reactions, hydroxamic estc^rs, hydrazides, and amides, cannot be dis- 
cuss('d h(^re. 

The addition of alcohol to akh'hydes furnishes hemiacetals which are 
rarely isolated since they n'act with a second molecule of alcohol and 
give acetals. 

/II 

II ^ / CzHjOH 

C1I3CH0 + C2noOii cHsC- oii CH8CH(0C2n6)2 + H2O 

0C2IIB 

Ketones seldom form acetals directly, but these derivatives may be 
obtained by condensation with an ester of orthoformic or orthosilicic 
acid.'^^ 

II2CO + IIC(OC 2 Hb )3 Il2C(OC2nB)2 + HCO2C2H5 

The addition of water to carbonyl compounds does not take place to 
an appreciable extent under ordinary conditions. From a few special 
compounds, for c'xample chloral and mesoxalic acid, water addition 
products have been isolated. 

Many aldehydes and thioaldehydes when treated with mineral acids 
form two polymers. Ketones do not form such polymers, but thioke- 
toncs do.’- The polymiors of acetaldehyde are known as paraldehyde 
and mctaldchyde. Mixed polymers of the paraldehyde type made from 
two different aldehydes are also known. The jxilymerization is reversi- 
ble, and the equilibrium is reached rapidly in the presence of a catalyst. 

Ilclferifh and Hanson, Bcr., 67, 796 (1924), 

Schonberg, Her., 62 , 195 (1929). 
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Since the lower aldehydes are volatile and easily oxidized they are con- 
veniently stored in their less seasitive polymerized forms. 

Paraldehyde [A] contains a six-mernbered ring including three 
oxygen atoms. The mechanism of its formation probably involves 
addition of the catalyst to the carbon5d group followed by elimination 
in a different manner. In support of such a mechanism is the fact that 
the hydrogen bromide addition product of bromoacetaldehyde, which 
has been isolated, forms the corresponding paraldehyde [B] when treated 

HO Br 

/ \ 

BrCIIA'II CriCHoBr 

1 I 

Br OH 

OH Br 

\ / 

ClI 


mth potassium acetate.” 
/% 

CHsCH (TTCIT3 

1 I 

0 0 

\ / 
CHCHs 

lAl 


/% 

BrCHsCH CHCHsBr 

0 () 

\ / 

CHCHsBr 

[B1 


CHsBr 

0 CHCH 3 

1 1 

CTT3CH O 

I I 

0 CHCH 3 

1 1 

CH 3 CII— o 

[C] 


Measurements of the rates of parakh'hyde formation from acetaldehyde 
show that the slowest st(‘p is a trimolecular reaction, which is to be 
expected since the loss of the catalyst in the final step involves three 
molecules.” Metaldehyde [C] is a tetraiiKa’, (01130110)4, containing 
an cight-membert‘d ring built up of alternate carbon and oxygen atoms 
with a hydrogen atom and a methyl group attached to each carbon 
atom.” 

Halogens and Halogen Compounds. When certain aldehydes and 
ketones are treated with hypohalites, cleavage of the molecule with 
elimination of a halofonn results. No intermediate products have been 
isolated from the reaction when it is carried out under the usual condi- 
tions, but by the selection of properly substituted ketones and under 

Stepanow, Preobraschensky, and Schtschukina, Bar., 69 , 2533 (1920). 

Hatcher and Kay, Can. J. Research, 7 , 337 (1932). 

Hantzsch and Oechslin, Ber., 40 , 4341 (1907) ; Pauling and Carpenter, J, Am, Chc?n 
Soc,, 68, 1274 (1930). 
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carefully controlled conditions it has been shown that the reaction 
proceeds through sh'pwise lialogi'nation followed by a chain cleavage of 
the resulting trihaloketones.’® 

+ NaOBr -> RCOCHaRr + NaOH 
RCOCIIoP.r + NaOBr RC'OCITBro + NaOH 
RCOClIBra + NaOBr RCOt^Bra + NaOII 
RCOCBra + HOIT RC 0 .. 1 I + ('IIBra 

It is not certain that this mechanism applies equally w('ll to wat(‘r- 
soluble carbonyl compounds, for measurements of the rates of reaction 
of several substances of this tyi)e admit of other inbapretations.^’ 

Phosphorus pentachloride reacts with many aldehydes and ketones. 
If the hydrocarbon radicals are simple, replacement of oxygen by 
chlorine takes place. Frc'qiK'ntly unsaturated monochloro compounds, 
apparently formed by the. loss of hydrogen chloride from the expected 
dichloro compounds, are found among tlu' products. If tlui hydrocarbon 
residues arc compk'x, the p('utachlorid(' sometimes reacts as trichloride 
and chlorine; an a-hydrogen atom is replaced and a chloi’oketone results. 
An excess of the halide has no eff(H*t on th(^ carbonyl group. 

CIIsC’IlO + T'CU CH3Cliri,+ I'OCb 

(cna)..cncocii(ciT3)2+ vvu -> (rTi3)2CHC0C('i(CH3)2 + nci + pcb 

As a con.sequenc(' of the observation that phosphorus oxychloride was 
a product of tlu' r('action when the ox3^gen atom of a carbonyl compound 
was r(>plac(‘d bj" chloi’ine, Straus suggested that the process involved 
addition of the; ptaitachloride as C’l — PCU.^'^ 

Cl OPCI4 

\ / 

CIT3COCH3 + PCI5 4=^ CHs— c:— CII3 ('H3CCl..Cn3 + POCI3 

It should b(‘ noticed that the course of the reaction between carbonyl 
compounds and phosphorvis pentachloride depends upon the activity of 
the carbonjd group as tliis activity is affectc'd by the attached hydro- 
carbon residues. With phosphorus pentabromide, however, which is 
less stable than the pc-ntachloride, carbonyl compounds give only prod- 
ucts in which an a-hydrogen aliom has btH'ii replaced by bi omine. 

Oxidation. Aldehydes are easllj-^ oxidized to acids having the same 
number of carbon atoms; ketones are oxidized only with difficulty, and 

Ftison and Bull, Chnn. h’rr., 16. 275 (1934). 

Hatcher and llorwood, Can. J . Hvi>tarch, 11, 37S (19i54). 

Straus, i4ww., 393, 21^5 (1912). 



656 


ORGANIC CHEMISTRY 


the carbon chain is broken. Since the oxidation of an aldehyde is accom* 
plished by the same reagents which convert alcohols to aldehydes, the 
mechanism is probably the same. Wieland has suggested that the 
oxidation is in reality a dehydrogenation of the aldehyde hydrate and 
that the function of the oxidizing agent is to act as a hydrogen acceptor.’® 
It is known that water adds to aldehydes and sometimes stable hydrates 
can be isolated. Wieland has found that in favorable cases dehydro- 


R— C + IIOH 


RC— OH 

I 

OH 


RCO2TI + Ha 


genation can be accomplished by means of certain hydrogtm acceptors 
not usually considered to be oxidizing ag(nits; imithykau^ blue, azo- 
benzene, indigo, and dibiph('nyleneethyl(uic have bc'cn so used. The re- 
action takes place in the absence of oxygc'n as long as the accei>tor is 
present. 

Autoxidation is a common phenomenon with aldehydes and is 
occasionally encountered with keton(!s.*® With an aldehyde the end 
product of the reaction is the corre.sponding a(^id. Benzaldehyde adds 
oxygen to form an addition product wliich slowly yit'lds peibenzoic acid. 

CfiHjC^ + O2 -> CelHCHO-Oa CcHbCOaOH 
^0 


The peracid, which is an oxidizing agent for many unsaturated com- 
pounds, converts a second molecule of aldehyde to acid. 

/H 

CeHsCOaOH + CeHsC/ 2C6H6CO2II 

^0 


The net result may be represented by the equation; 

2 RC 4 -b O2 -> 2RCO2II 
^0 

In this instance the pcrbcnzoic acid presumably acts as a hydrogen 
acceptor. 

Autoxidation, which is sensitive to catalysis by ozone,®’ may be 
prevented with surprising ease by the use of a reducing agent as a 

Wieland, Ber., 64 , 2353 (1921), and numerous later articles. 

“ Jenkins, J. Am. Chem.. Soc., 67 , 2733 (19.35). 

Briner and Perrottet, Compt. rend. eoc. phys. hist. not. GenAve, 64 , 101 (1937) [C. A., 
38 . 6635 (1938)], 



UNSATURATION AND CONJUGATION 


657 


stabilizer. Hydroquinone is most commonly used, and as little a.s 0.001 
per cent is effective. The same “antioxidants” are also effective in 
hindering or preventing the polymerization of many ethylenic com- 
pounds. 

The Carbon-Carbon Triple Bond 


The acetylenic linkage is characterized both by its ability to undergo 
addition reactions and by the fact that a hydrogen atom attached 
directly to an acetylenic carbon atom is sufficiently reactive to undergo 
replacement by metals. Tlui formation and reactions of these metallic 
derivatives are discussed elsewlu'.re (p. 52.5) ; it is necessary to note h('re 
merely that they are of use in the isolation and identification of acety- 
lenic compounds and as synthetic tools. 

In their addition reactions the acetyleni^s add two atoms of hydrogen 
or their equivalent to furnish products which contain an ethylenic 
linkage or a carbonyl group, di'pending upon the nature of the addend; 
the chemistry of the addition products is that of the doubly linked 
unsaturated system which they contain. In general the same reagents 
which add to ethylenic compounds will also add to acetylenic compounds 
so that a detaik'd ri'vicw of th(' addition reactions can be dispensed with. 
Certain reactions, however, merit attention. The addition of hydrogen 
can be controlled so as to furnish ethyk'nic compounds and, by proper 
choice of the experimental procedure, either the cis ethylenes or the 
trans ethylenes can be obtained.**'^ Ozone adds to thi; acetylenic linkage, 
and the ozonides on decomposition furnish acids as a result of the cleav- 
age of intermediate dicarbonyl compounds by hydrogen peroxide.®* 
This should be compared with the behavior of a-diketones toward 
hydrogen peroxide, p. 671. 


llfeCH + O3 -> IIC=C1I 

I I 

0 - 0—0 




o- 




H20 

> UC— CII + II2O2 


2HC02H 


Unsymmetrical reagents, such as hydrogen bromide, add according to 
Markownikoff’s rule; hydrogem bromide in the presence of peroxides 
undergoes abnormal addition.®* 

C JI«CH=CHBr C4Ic,C=CII + lIBr CJIgCBr^CHa 

present absent 

Disubstituted acetylenes add unsymmetrical reagents in both possible 
ways.®® 

Campbell and Eby, J. Am. Chem. Soc.^ 63, 210 ( 1941 ). 

Hurd and Christ, J. Org, Chem,^ 1, 141 ( 1936 ) ; Jacobs, J. Am. Chem. jSoc., 68, 2272 
( 1936 ). 

Young, Vogt, and Nieuwland, ibid., 58, 1806 ( 1936 ). 

Bourguel, Compt. rend., 178, 1557 ( 1924 ). 
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In the presence of suitable catalysts, a wide variety of oxygen- 
containing compounds add to acetylenes. The addition of alcohols 
furnishes kotals, acid chlorides furnish jS-chloro unsaturated ketones, 
organic acids furnish alkenyl esters, and water furnishes ketones. 

RC=CR' -f 2C2H5OH ^ RC(0C2H6)2CH2R'»® 

RC=Cll' + CH3COCI ^ RC(C1)=C(ROCOCH3 
RC=CR/ + CHsCOall RC=CHR' 

I 

OCOCHa 

RC=CH + II2O R('’=CH2 -> RCOCII3 

I 

OH 

The hydi’ation of ac<'tylene, itself, (^aii be dinicded so as to furnish either 
acetaldehyde or acetone. 


CII^CIT -f H2O -4 CllsCIiO 
2 CIfeCII -f .3H2O CIIaCOCHs -f C(h + Hi 

Finally, acotylen<' in the presence of cuprous and ammonium chlorkh's 
will add a second mok'cule of acetylene or a molecule of a monosul)- 
stituted acetylene. Th(‘ reaction mak(« possible thc^ synthesis of sub- 
stances containing both ethylenic and acetylenic linkages and wlw'n 
applied to acetylene itsOf furnishes vinylacetyh'ne and divinylacetylene. 
The first of these products is the starting material for the preparation of 
one ty])c of modern rubber substitute.*** 

11 C=CJ 1 -f HC^CII (TI 2 =CH-C=C 1 I 

cii2=cn— c=cii + iicshC’ji cn2=CH—C2sc— 011=0112 

The Carbon-Nitrogen Double Bond 

The unsaturation rei)n'sented by the carbon-nitrogen double bond 
is found in aldimines, ketimines, and Schiff’s bases and in oximes, hydra- 
zones, and s('micarbazones. In spit(^ of the frequency with which such 
azomethines are encountered, relatively little study has been made of 
the behavior of the carbon-nitrogen double bond per se. 

Killian, liennion, and Nicuwland, J. Am, ('hern. Soc., 68, SO (1936). 

Kroeger, Sowa, and Nicuwland, J. (Jrg. Chtrn.^ 1 , 163 (1936). 

liennion and Nicuwland, Am. Chem. Soc., 56, 1802 (1934). 

Nieuwland, Calcott, Downing, and Carter, ibid., 53 , 4197 (1931). “C'ollected 
papers of W. H. Carothers on Polymerization,” edited by Mark and Whitl)y, Interscience 
Publishers, New York (1940). 
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Aldimines, ketimincs, and Schiff^s bases may be considered as sub- 
stitution products of the hypothetical condensation product of ammonia 
and formaldehyde, CH 2 =NH. Simple aldimines, RCH=NH, and 
Schiff s bases derived Irom formaldehyde, CH 2 =NR, are unknown in 
the monomolecular state. One monomolecular aldimine and one mono- 
molecular Schiff s base derived from formakkdiydc have been described. 
They are readily hydrolyzed and reduced. Polymeric aldimines and 
Schiff's bases are hydrolyzed with great ease by acids to form an alde- 
hyde and ammonia or an amine, and they are easily reduced to primaiy 
or secondary amines. Monomol(',culaa' ketimincs and Schiff’s basc^s 
derived from aldehydes other than formaldehydes have been pre'pared; 
they too are readily hydrolyzed and reduced. 

Schiff^s bases of the type RCli=NR, for example bcnzalaniline, 
have beem studied in some detail. Their behavior in addition r(ia(‘lions 
is reminisccait more of carl)onyl compounds than of ethyleiiic compounds. 
These azomelhines will add the Grignard reagent and organolithium 
compounds; the hydrocarl )on residue adds to carbon. 

C6n5Cn=NCGll5 + CellBMgP^r (C6ll5)>CHNHC6H6 

They will add sodium ])isulfiU‘,^'^ and hydrogen cyanide.^** The bisulfite 
C6H5CII=]\C6ll5 + KallSOa CdUCUN llCeHs 

SOaNa 


C6ll5CIl=NC6n5 + HCN C,}hCUmK\lh 

CN 

addition product has been formulated as a sulfonic acid by analogy 
with the bisulfite addition products of cai’bonyl compounds. It is 
described in the litcu'ature as a sulfite (\st('r. Schiff’s bases add organic 
compounds containing an active a-hydrog(in atom by a process which 
is analogous to aldolization,®^ 

(a) Kohler and Drake, ,/. Am. Chem. Sac., 45 , 1281 (1923); (h) Kohler and Blatt, 
ibid., 60 , 1220 (1928). 

Moiireu and Mignonae, Ann. chim., [9] 14 , 322 (1920). 

Busrh, Bcr., 37, 2091 (1904) ; Gilman and Kirby, J. Am. Chem. Soc., 56, 1265 (1933). 
(See, however, p. (>88.) 

Ekoley and Swisher, Rec. frav. chirn., 48 , 1052 (1929). 

Miller and Plochl, Her., 31 , 2700 (1898). 

Mayer, Bull. hoc. chirn., [3] 33 , 157, 395 (1905) ; Snyder, Koriiberg, and Romig, 
J. Am. Chem. Soc., 61 , 3550 (1939). 
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C6H6CH=NC6H8 + CHaCOCHaCHs -»■ CJifiCHNnCsHe 


and they also add acetic anhydride.®® 


CH2COCH2CH3 


C6H6CH==NC6H6 + (CHsCO)20 CeHBCHNCeHs 

I I 

CH3COO COCII3 


It is possible to add alkyl halides to the nitrogen atom in Schiff’s bases. 
The reaction is the basis of a valuable method for preparing secondary 
amines.®’ 


C6HbCH=--NC6H5 + CH3I 


C6HbCH=N< 


CH3 ■ 
Cells. 


I 


Oximes, hydrazones, and phenylhydra zones are utilized primarily 
for isolating and identifying carbonyl compounds. These azomethines 
can be hydrolyzed to regenc'rate the carbonyl compound and the n^agent 
employed in their preparation. They can also be reduced by <!atalytic 
hydrogenation or m('tal combinations, and this reduction, when applied 
to oximes and phenylhydra zones, is an important method for preparing 
primary amines.®® 

R 2 C=N 0 H + 2H2 -> R2CHNII2 + IliO 
RCH=NNHC 6 ll 6 + 2H2 RCH2NII2 + CcHsNlIa 


The Carbon-Nitrogen Triple Bond 

The same two reactions, hydrolysis and n'duction, which an; of 
outstanding importance in the chemistry of the aznmethiiKis occui)y 
positions of similar importanc<' in the claonistry of thci nitriles. Hydrol- 
ysis of nitriles leads eventually to a complete rupture of the carbon- 
nitrogen linkage, but the first step is the addition of water to form an 
amide. 

RC^N + H2O -> RC=NH RCONH2 

I 

on 

Like other addition reactions, this hydrolysis is very sensitive to changes 
in the nature of the substituent group R. Thus it is extremely difficult 
to hydrolyze tertiary aliphatic nitriles or dii-ortho substituted aromatic 
nitriles. 

Ekcley, Swisher, and Johnson, Gazz. chim. itaL^ 62 , SI (1932) ; Snyder, Levin, and 
Wiley, Am, Chem. Soc,j 60 , 2025 (1938). 

Decker and Becker, A?in,, 396 , 302 (1913). 

Hartung, J, Am. Chem, Soc., 60 , 3370 (1928) ; 63 , 2249 (1931) ; Tafol, Ber,, 19 , 1924 
2415 (1886). 
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The addition of hydrogen, which may be brought about cither cata- 
lytically or by metal combinations, would be expected to yield a primary 
amine. Actually there is a marked tendency to form secondary amines. 
The formation of secondary amines can be suppressed by employing 
acetic anhydride as a solvent when a platinum catalyst is used,®® or by 
redu(*ing with Raney nickel in the presence of ammonia.^®® The follow- 
ing mc^chanism has been suggested for the formation of a secondary 
amine on the reduction of a nitrile.^®^ 

llCisN --> RCH=NII > RCHaNIIs 
RCIl=Nn + RClIaNHo - -> RC1I=NCH2R + NH* 
RCH=NCH.2R + II 2 - -> RCIIsNIlClIaR 

The Grignai'd reagent adds to nitriles to form mcitallic derivatives of 
ketimincs.®^ 

R,C'=N + R'MgX RCR' 

NMgX 

In addition to the txsual limitations resulting from an incn'asc in the size 
or comph'xity of the group R, poor yields are frequently obtained be- 
cause som(; of the nitrile r(‘acts in the tautomeric imide form, RCH= 
C— NH. hlany nitrik's show evidence! of this tyjxc of tautomerism in 
other n^actions. The Grignard reagc'.nt in ccu’tain cases also brings about 
intermolecular addition; oik; mokaaile of nitrile, acting as HA, adds to 
the lri]>le linkage of a second molecule to form an imine. Numerous 
organoalkali comjxounds ai'e excellent catalysts for this reaction.^®^ 

The Nitro Group 

In the clu'mistry of th(' nitro group the activating influence of the 
unsat urat('d group on a-hydrogen atoms is of more importance than its 
addition reactions. In fact, the only addition reactions which need be 
considercKl arc reduction and the addition of alkoxides. 

R('ductk)n of thci nitro group can be brought about by a wide variety 
of reagents, and the course of the reduction is controlled by the structure 
of the nitro compound, the nature of the reagent, and the conditions 
under which the reaction is carried out. It suffices to point out that 
nitro compounds can always be reduced to primary amines and they can 

Curothers and Joiiee, J , Aitt, Chem. Soc., 47 , 3051 (1925). 

Schwoegler and Adkins, ihuL^ 61 , 3499 (1939). 

V. Braun, Blessing, and ZoIkjI, Ber., 66, 1988 (1923). 

Ziegler and Ohlingcr, Anu., 495 , 84 (1932); Ziegler, Eberle, and Ohlinger, Ann. 
604 , 94 (1933). 
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sometimes be reduced to nitroso compounds, hydroxylamincs, oximes, 
azoxy compounds, azo compounds, and hydrazo compounds. The chief 
practical importance of these reactions is in the field of aromatic chemis- 
try where they load to dye intermediates. 

Organomotallic compounds bring about reduction of the nitro group; 
the process is both complex and obscure (p. 504). Aromatic nitro com- 
pounds can be reduced to secondary amines;^®* aliphatic nitro compounds 
are reduced to dialkylhydroxylamincs. In both reactions, addition as 
well as reduction takes place, and in the latter reaction one of the alkyl 
grotips in the product is more complex than either the alkyl group of the 
reagent or the nitro eompound.^®^ 

Alkoxides convert nitro compounds containing an a-hydrogen atom 
to metallic derivatives of the act-form, but if the alkaline treatment is 
prolonged the reaction goes past this stage. Nitro compounds which 
contain no a-hydrogen atoms will add a molecule of alkoxid(;.’“® 

Aldolization reactions involving a nitro compound which contains 
an a-hydrogen atom and carbonyl compounds or azomethiiu's are 
important in .synthetic work. Th(> reactions with formaldtJijule, 
Ixmzaldehyde, and benzalaniline are ty])ical. (Compare also the addi- 
tion of nitro compounds l(i conjugated .systems, j). 679). 

ClfoO -h CIIsNOs CII.OHClhNOa 

CellbC^ -i- CII3NO2 C6 HbC'JI=CIIN02 + II^O 

^0 


C 6 H 6 C 1 I=NCoH 6 + CH3NO2 CcIlBCllNHC’ens 

I 

CH2N02 


TWINNED OR CUMULATIVE DOUBLE BONDS 

Five systems of twinned or cumulative double bonds, alkmes, 
cumulenes, ketencs, isocyanates, and carbodiimides, require atkuition. 
Allene, CH 2 ==C==CH 2 , and its derivatives offer little that is novel in 
the way of addition reacitions. The two (4hylenic linkages ac-t inde- 
pendently of each other, and they add the same reagents which add to 
isolated ethy Ionic linkages.^®® The mode of addition is in accordance 
with Markownikoff’s ruh;, and the addition is subj(!ct to the same 
influences from substituent groups which were observed with cthylenic 

Gilman and McCracken, J. Am, Chem. Soc., 61 , 821 (1929). 

104 Bewad, Ber., 40 , 30G5 (1907). 

105 Meisenheimer, Ann., 323, 219 (1902). 

106 Acree and LaForge, J. Org. Chem., 5, 430 (1940). 
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compounds. Simple alloncs polymerize to yield, among other products, 
cyclobutanc derivatives. 


2(CIT3)2C=C=CH2 


(CIl3)2C=C— Clio 

I I 

(CH3)2C=CV-CH2 


Alkyl-substituted allenes rearrange under the influence of alkali to 
furnish ace^tylenes,^®^ and aryl-substituted allenes rearrange in an acad 
medium to furnish inden(\s.^^^ 

(k)mpounds containing several twinned ethykaiie linkages, the 
cumulenes, ((VjH 5 ) 2 C===('— C=CXCV.H 5 ) 2 , are also known. These 
substances are colored, add hydrogcai and halogcais readily, react 
sluggishly with permanganate, and are stable toward molecular oxygen. 
They are inactive in the diene syiith(\sis and should bc^ contrasted with 
the conjugaU'd polyeiu^s described below on p. 69)1. 

Ketene, Cll2=C==0, and its derivatives arc among the most 
reactive of all unsaturated (*om]X)unds in addition r(‘actions.* Originally 
it was held that keten(\s contained an abnormally n^active ethylenic 
linkage and that all addition reactions of kc'tenes w(;i*e additions to the 
carbon-carbon double l)ond. It is tnu' that the final products in all the 
addition n'actions of kc'Uines contain the addend at.tacluKl to what were 
the (ethylenic carbon atoms. With two reagc'nts, however, specific 
evidence has Ix'cn pr(^s(‘nt(‘d to show that addition is to the carbonyl 
grou]) and that kc'tonization of the primary addition product follows. 
The addition of /-menthol to ]flienyl-p-tolylket(me followinl by hydrol- 
ysis furnish(*s an optically active phenyl-/>-tolylacetic acid. This is 
int('rpret('d as showing the dcricalhj directed ketonization of the primary 
addition product 


?>-ClI,C6lT 

CgIU 


4\ 


C-^C— H) + /-menthol 


■CHaCelUv X) nienthyl-/' 


CoH 

CH3C6ir4N 
Cell 6^^ 




lA] 


H)ll 


>CHC02inenthyl-/ 


CH^CelUx * 

)>CHC02lI 

CeHs [Optically 
active] 

Lcbcdeff, J. Chnn. Roc., 100 , 774 (1911)- 
***** Favorsky, J . jrrakt. Citern., [2] 37, 417 (1888) ; [2] 44, 208 (1891). 

**’* Vorlauder atid Siebert, Bcr., 39 . 10:i0 (1906); Kohler, Am. Chem. J ., 40 , 220, 231 
(1908). 

***> Kuhn and Wallenfols, Ber., 71 , 783, 1510 (1938). 

*Tho monograph by Staudingor, "Dio Ketene,” Enke, Stuttgart (1912), summarizes 
the early work on ketenos. 

■" Weiss, Monatsh., 40 , 391 (1919). 
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In the addition of the Grignard reagent to diphenylketene a proof of 
the structure of the primary addition product [B] has been accomplished 
by replacement of MgBr with a benzoyl group.^^^ 


(C6H5)2C=C=0 + CoIIbMgRr -> (CoIl 6 ) 2 C=C— OMgBr 

/ !B1 

ux/ CeH^ \C,H,COCl 


(C6H6)2C=c— on 

I 

CgHb 


(C 6 H 6 ) 2 C 1 IC 0 
CbIIb 


6X16 

(C 6 H 6 ) 2 C==C 0 C 0 C 6 H 6 

I 

CbHb 


On the basis of this evidence it is a reasonable conclusion that only 
those addends which are characteristic for the cthylenic Unkage add to 
that linkage in ketones, while those addc'nds whic.li are characteristic for 
the carbonyl group add to the carbonyl group in k(;tenes, and that 
addition to the carbonyl group is followed by kedonization.'^^ The addi- 
tion of oxygen and of halogcai, the polymcaizal ion of disulistituted 
ketones, and th(', combination of k('t('nes and ('thylenic compounds 
may bo formulated as addition to the ethyleiiic linkage. 

(C 6 H 5 ) 2 C=C =0 - 1 - O2 ((' 6 H 6 ) 2 C--C=(:) -> (C 6 H 5 ) 2 C 0 + C ()2 

i I 

0—0 

(C 6 n 6 ) 2 C=c=o + CI2 ^ (C 6 Hb) 2 (x:icoci 

2(C6H6)2C=c=o (C6H6)2C- c=o 

i I 

0==C’— C(CoTl6)2 

The addition of water, ammonia, amines, and halogen acids, that is HA 
reagents, is formulated as addition to the carbonyl group followed by 


ketonization. 



(C6ll6)2C=C=0 + HOH - 

/on 

^ (C6H6)2C=C< -> 

\0H 

(C6H6)2CIIC02lI 

(C6H6)2C==C=0 + HCl - 

/On 

■> (C6Hb)2C=C< ^ 

\C1 

(CfiHslzCIICOCl 


Gilman and Ilcckcrt, J. Am. Cham. Soc.y 42 , 1010 (1920). The mechanism of this 
reaction is discussed on p. 514. 

Staudinger, Helv. Chim. Acta, 5, 97 (1922). 

Lewis, Rarnagc, Simonsen, and Wainwright, J. Chem. Sue., 1887 (1987) ; Bergmann 
and Blum-Bergmann, ibid., 727 (1988) ; Smith, Agre, Leekley, and Pritdiard, J. Am. Chem 
Soc., 61 , 7 (1939). 
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Ketones do not take part in the diene synthesis (p. 685), but they 
do add acetylenes to give substituted a-naphthols.“^ 

It is probable that the addition of HA reagents to the twinned 
double bonds in isocyanates follows the same course as the addition of 
these reagents to ketenes.“® 


CsIIeN — C — O + CeHtMgBr — ♦ C6HtN=C — OMgBr 

AelU 

C.H6N=C— on -> CaitNHCO 
Aells iells 


OH 


C6HsN=C=<) + HjO -> C«H6N=C<^^^^ CelUNHCOJI CoH^NIIj + CO 2 


C6H5N=-C-=0 + CeHsNHs -> C,IUN=C.'^ 


on 

'■NllCelU 


CeHsNHCONHCoHs 


/Oil 


C6n6N==C=0 + CsTIbOII CcHjN^c/ CellaNIICOsCaH, 

\OC2H5 


Because they furnish characteristic solid derivatives by interaction with 
alcohols and amines the isocyanates are used for the identification of 
these two classes of compounds. 

TwiniK'd double bonds and characteristic activity in addition reac- 
tions are also found in th(' carbodiimidc's — a group of compounds which 
has been known for many years but which has b('eome available for 
study and use relatively re(ently.*'® C.'arbodiimides add, among other 
reagents, amines to form guanidines and acids to furnish acyl ureas. 


c»H6N=c=NCen6+C6n6Ntr2 C6H6Nnc=Ncai6 

CellsNH 


C6n5N=c=NC6ii6+c.H6C02n 


Cell^N— C=-NC,Hn CcHsNCONnCeHs 
CeluAo Ah . CeluAo 


Both reactions are obviously 1,2-additions. 


Smith and Hoohn, ,/. Am. Chem. Soc., 63, 1181 (1941). 

Gilman and Kinney, 46, 493 (1924). 

S(;hall, J. jrrakt. Chevi., [2] 64, 261 (1901) ; Busch, Blume, and Fungs, ihid.^ [2] 79, 
513 (1909). 

Zetysche and collaborators, Ber., 71, 1088 (1938), and several later articles; Schmidt 
and collaborators, Bcr., 71, 1933 (1938); 73. 286 (1940). 
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CONJUGATED SYSTEMS OF MULTIPLE LINKAGES 

Relatively early in the development of organic chemistry abnormal- 
ities were observed in the course of certain of the addition reactions of 
substances which contained alternate single and multiple linkages. 
Thus, to use a comparatively recent example, when one mole of hydrogen 
is added to 1,4-diphenylbutadiene, addition takes place not at either of 
the ethylenic linkages but instead at the ends of the conjugated system.”® 

C6n6CH=Cn— CH^CHCfiHs -t- H. C6H6CH2CH=CHCH2C6Tl6 

This type of addition is termed conjugate addition.’-® In an important 
article published in 1899, Thiele as,scmblcd many of the earlier data on 
conjugate addition, presented new (widemcc to show that many addition 
reactions not ordinarily considered so we're conjugate*, and proposed the 
theory of partial valemce to account for the^ phenomenon.’-’ 

In Thiele’s theory the initial assumption is made that not all the 
available affinity is uscel by a deeublc bonel belwe*e'u two atenns: the 
unused affinity e)n each atom is calk'd a partial valence and is repre- 
sented graphically by dotte^d lines as in I. In a conjugated syste'm the 
partial valences present on the intermediate atoms (2 and 8 in formula 
I) neutralize each other so that tlu! ('ffi'ctivc* unsaluration is localized at 
the ends of the system as shown in II. Addition to such a sysk'm will 
take place at the end atoms and, since th(^ addend will require more 
affinity than is available from the partial vak'nces, the double bonds 
will b(! broken, a new double bond will be fornuid, and the final product 
will be III. 

1 2 3 4 

cii2=CH— cn=cn2 cn2=(Ti—c 11=0112 (ti2Cii=c iiciis 

• ••• •••• I**! 

: . : . . . . A • • A 

I II III 

Thiele’s explanation of conjugate addition was eagerly adopted — so 
eagerly, indeed, that at first but scant attention was paid to the fact 
that, although the theory of partial valence requires 1,4-addition exclu- 
sively, many cas(\s of 1,2-addition to conjugati'd systems were known. 
In order to reconcile the general theory with these exceptions, H inrich- 
sen modified it so as to take into consideration the nature of the sub- 

Straus, Ann., 342 , 256 (1905). 

Lutz, /. Am. Cheni. Sue., 51 , 3008 (1929). The converse of this process, 1,4-elimina- 
tion to form a conjugated system, is frefjiiently encountered, but a discussion of 1,4- 
elimination is beyond the scope of this chapter, ('ompare p. 108 of rcfcience 121 (a). 

121 Thiele, Ann., (a) 306 , 87 (1899); (5) 308 , 333 (1899); see, also, Michael, J. Aw. 
CJiem. Sue., 69, 744 (1937). 
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stituonts attached to the; conjugated system and the nature of the 
addendd'^^ More recent developments have supplied plausible electronic 
interpretations for the occurrence of both 1,2-addition and conjugate 
addition as well as for the frequently observed interconversion, of 1,2- 
and 1,4-addition products. * Lack of space, as well as the fact that there 
is not complete agreemtmt between various ekictronic explanations, 
prevents a discussion of these modern interpretations in this chapter. 
Instead a descriptive treatment of the chemical behavior of the more 
imjwrtant types of conjugated systems will be presented, stres.sing those 
reactions in whicih conjxigated systems behave diffcrcmtly from their 
component nnsaturated groups. Some physical properties associated 
with conjugation are considca'cd elscnvhcre (Chaph'r 23). 

The Dienes and Ensures 

Dienes can be reduced eitln^r catalytically or by means of metal 
combinations. When hydrt)gen and a catalyst are used reduction can 
always be made complete. Often, in the catalytic reduction of dienes, 
the rat(! of 1,4-addition of hydrogen to the conjugated systc'm is suffi- 
ciently greater than th(^ rate of 1,2-addition to th(', resulting isolated ethyl- 
enic linkage to permit the t wo steps in the rediKdion to be followed exper- 
imentally. With other dieiu's, however, this is not so, and, in the addi- 

12 3 4 

tion of one mole of hydrogen to dienes such as 11CH=CH — CH==CHR', 
1,2- and 3,4- and 1,4- additions have been reiiorted.*^® Sometimes, also, 
u.sing one mole each of diene and hydrogen, thca-e is formation of the 
complet(;ly reduced product at the same time that some of the diene 
is unattacked. 

The addition of hydrogen to open-chain dieni's by means of metal 
combinations is always conjugate, and, since the isolated ethylenic 
linkages thus formed an^ not reduced by metal combinations, reduction 
is never complete. The phenylated ethykmes (styrene, stilbime, and their 
analogs) behave as if the ethylenic linkage was conjugated with the 
nuclear double bonds, for tlu'se suKstances are reduced by metal com- 
binations. The mode of hydrogen addition is 1,2, however, and phenyl- 
ated ethanes arc formed. 

J^niiniichsen, Ann., 336, 1S2 (1904). 

* For a discussion with loading roferoiices, see Waters, “Physical Aspects of Organic 
Ohemistry,” D. Van Nostrand, Now York (1930), ('hapter XV. Compare, also, Ingold, 
Cfinii. Rev., 16 , 225 (1934)- Baker, “Tautomerism,” Koutlodgo and Sons, Ltd., London 
(1934), pp. 248-2(52 ; and Muskat and Northrup, J. Am. Chem. Soc , 52 , 4043 (1930). 
Compare also Chapter 25. 

^23 (a) Lelxidev and Yakubchik, C/icm. iSoc., 823, 2190 (1928) ; Q>) Dupont and 
Paquot, Compi. rend., 206 , 805 (1937). 
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The addition of alkali metals is characteristic of conjugated ethylenic 
systems but not of isolated ethylenic linkages.* Simple dienes, such as 
butadiene, are polymerized by alkali metals and organ oalkali com- 
pounds, but terminally phenylated ethylcnes add alkali metals 1,4.'“ 
Isoprene undergoes 1,4-cthylation with sodium and ethyl bromide 
and adds triphenylmethyl 1,4.^^^ If, in an ethylenic compound, one 
ethylenic carbon atom is either part of a crossed conjugated diene 
system or attached to an aromatic ring, alkali metal addition involving 
two moles of the unsaturated compound occurs. 


CH=CH\ 

2 1 >C=C(CH 3)2 + 2Na 

CII=CH/ 


CH=-CH 


I yCC(CH3)2C(CIl3)2C<f I 
CH=C1K I I \CII=CH 


CH=CH 


2C«H6CII=CH2 + 2Na CeHBCIICIbCHaCIICcII^ 


Na Na 


If each ethylenic carbon atom in an ethylenic compound is attached to 
an aromatic ring system, the addition of alkali metal involves one mole- 
cule of the ethylenic compound. 

C6H5CII=CHC6Hb + 2Na -> CeTiBCH— -OUC cIIb 

1 I 

Na Na 


Since the organoalkali addition-products on treatnumt with a hydrogen 
donor undergo replacement of metal by hydrogen the net result of the 
process is reduction, f 

Because of the close correlation between the ability to add alkali 
metals and the susceptibility to reduction by metal combinations, it 
has been suggested that the latter reaction proceeds via metal addition 
followed by replacement of the mc'tal in the resulting organoalkali com- 
pounds by hydrogen (p. 529). f Although doubtless a d(!finite relation- 

* For the addition of alkali metals to other niisatnrated groups see reference 128 
(b) and Chapter 6. 

Ziegler and Kleiner, Ann,, 473, 57 (1929). Compare, howe^ er, Midgley and Ilenne, 
J, Am, Chem, Soc., 61, 1293 (1929). 

Houben-Weyl, '‘Die Methoden der organischen Chemic,” Thieme, Leipzig (1924), 
Vol. IV. p. 966. 

126 Ziegler and Bilhr, Ber., 61, 253 (1928), 

12^ Conant and Scherp, /. Am. Chem. Soc., 63, 1941 (1931). 

128 Schlenk and Bergmann, (a) Ann., 463, 1 (1928); {h) Ann., 464, 22 (1928). Smith 
and Hoehn, J. Am. Chem. Soc., 63, 1184 (1941). 

t The same reduction products can be obtained from the action of aluminum chloride 
and benzene on ethylenic compounds which contain one aromatic group on each ethylenic* 
carbon atom. Alexander and Fuson, J. Am. Chem. Boc., 68 , 1745 (1930). 

t Compare reference 51; also Carothers, J. Am. Chem. Soc., 46, 2226 (1924); and 
Hiickel, “Theoretische Grundlagen der organischen Chemie," Akad. Verlags., Leipzig 
(1931). Vol. I, pp. 368-374. 
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ship exists between the addition of an alkali metal and reduction by 
riietal combinations, it is probably not so simple as has been suggested, 
for in many cases the product of reduction by metal combinations is 
quite different from that obtained by metal addition and replacement. 
Thus styrene on reduction by metal combinations furnishes ethylben- 
zene, but on addition of alkali metal and subs(iquent replacement of 
the metal by hydrog(>n it furnishes 1,4-diphenylbutane. 

The addition of halogens to diemes may give lise to 1,2- or 3,4- or 

1.4- addition products. In some cases mixtures of products are formed 
and in others the 1,2- and 1,4-products aic' in equilibrium with each 
other. These possibilities are illustrated by the following reactions. 

. CII..Br('TlBrCII=CH 2 

cir...=cii— cn=cji2 + Urs <( ti 

^ CJloBrCll^CllCIhBr 

CIl3Cn=CII— CH=Cll(nr3 + Br 2 CH3(TlBrCH=CHCHBrCn3 
CoIl5CH=CH— CTI=CnCr.Il5 + 15r2 -> C6n6CII=CUGITBrCHBrCf,n8 

The halogc'n acids add to di('nes and cmyncs. In tlie most carefully 
studied casi's, those of the 2-halobutadienes and vinylacetylenc, addition 
is alwaj'S conjugate.’^® 

cii,=c— cn=CH2 + iix cii3C=ciicii2X 
I 1 

Cl(T?r) Cl(Br) 

CH2=C1I- C^CII -1- HX CllaX— CH=(’=Cll2 

With 1 -phenyl) nitadiene the reactions are not so clear cut, but the 
principal products are the result of 3,4-addition.*''*' 

(a) Bui.Tflionc: Fanner, Lawrence, and Thorpe, Chvm, *Sec., 729 (192S) ; Muskat 
and Nuithrup, .7. Arn. Chew. Soc., 52, 4043 (1930). (b) Jsoprene: Jones and Williams, 

t/» ('hit)!, Sue., S29 (1934). (c) 2,3-Diinethylbutadiene: Kondakow, J. j^rakt. Chern., 62, 

lot) (1900). {(f) 1,4-1 linuTliyl butadiene: Farmer, Lawrence, and Scott, J. Chern. S(jr., 

510 (1930). {(') 2,3-Di-/-butylb)itadieue: Backer, Rec. Irav. chim., 58, 043 (1939). (/) 

1. 1.4.4- Tetrainethylbutadienc; IVevost, Curnjit. rend., 184, 400 (1927). (g) 1-Phenyl- 
butadienc: Muskat and Huggins, J . Am. Chern. Sac., 51, 2490 (1929). (/<) 2,3-T)iphenyl- 
butadiene: Allen, Eliot, and Bell, Can. J. Re.scarch, 17B, 75 (1939). (/) 1 ,4-Diplienyl- 
butadiene: Straus, JJer., 42, 2S07 (1909). 

Larothers, Williams, Collins, and Kiiby, J.Arn.Ch(tn.So(\,b3, 4203 (1931) ; Carothera, 
Berclut^ and Collins, ibid., 64, 4000 (1932); Carolhers, Collins, and Kirby, ibid., 55, 780 
(1933). 

* For information about the addition of halogen and halogen acids to a wider variety 
of dienes than can be consideied here, the reader is referred to the following articles: 
Farmer and collaborators, beginning with J. Chern. Sue., 1570 (1920) ; Muskat and col- 
laborators, bc'ginning with J. Arn. (^hetn. Sue.., 61, 2490 (1929); C'arotliers and collabo- 
rators, bt'ginning with »/. Arn. Chern. Sue., 63, 4203 (1931); Kharasch and collaborators, 
J. Org. Chern., 1 , 393 (1930) ; 2 , 4S9 (1937). ( 4)nipare also Staudinger, Kreis, and Schilt 
Hch. Chirn. Acta, 6, 743 (1922) ; Kuzieka and Schinz, ibid., 23, 900 (1940). 

Muskat and Huggins, J . Arn. Chern. Soc., 66 , 1239 (1934). 
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Brj, 


. C6ll6CH=CH— CH==CIl2 V 


C6H6CH=CIICHBrCIl2Br 


lix 


^ox 

C6H6CII=CHCHOIICIl2X 


C el 1 6CII=CI I — CIIXCHe 


The addition of hypohalogonous acids and alkyl hypohalites to dienes 

is 1,2.>“ 

Phosphorus pentachloride adds to a limited number of dienes and 
styrenes, the latter again behaving as if the ethylenic linkage were 
conjugated with the aromatic nucleus. The addition is always to a 
terminally unsubstituted ethylenic linkage, and, since the addition 
products lose hydrogen chloride and are hydrolyzed to phosphinic acids, 
the over-all reaction is the r('i)lacement of an atom of hydrogen.’^® 

CellsCn^CII— CH=C1I., + rCh CcTl6Cn=ClI— CHClCHoPCU 

C6H5CH=CH— Cll=CHr()3H2 

C6H8CH=CH2 -t- rch ^ CcIT5CnClC]l2l’CT4 --> C6H8CH=CnP()3H2 


Among th(' nitrogemous addends to dienes should b(‘ m('ntion('d the 
oxides of nitrogen and aromatic diazonium compounds. Oxides of 
nitrogen add 1,4 to l,4-diphenylbutadien(', but both 1,2 and 1,4 to 2,3- 
diphenylbutadicnc. 

C6H6CH=CH— CH=CHC6Hb -f N2O4 CcTIbCII— C n=ClI— CllCelJe 

1 1 

NO2 NO2 

In the reaction between diazoinum coinpouncls and butadiene, evidence 
is not available to decide b(?tw(i(ui 1,2- and 1,4-additiond^^ 


(N02)2C6ll3N--~N01I 

+ 

CH2==cn— cii==cii2 


(N02)2C6ll3N-=NCIl2ClI0IIClI--CIl2l 

or 

(N02)2C6TT3N--NCir2CIT 011011201^ 

H 2 O + (N02)2C6lIaN--NClI--CII--CH-CH2 


Hydrogen peroxide adds 1,4 to cyclopentadic'iie; simultaneously a 
tetrol resulting from the addition of two moles of peroxide is formedd^^ 

Abragam and Deux, Com'pt. rend,, 206, 285 (1937) ; Petrov, Gen, Chem. ( Cl.S.S.li.), 
8, 131 (1938) [C. A., 32, 53(i9, 5370 (1938)]; ihid., 10. 819 (1940) [C. A., 35, 2112 (1941)]. 
Bergmann and Bondi, Ber., 63, 1158 (1930) ; Ber., 64, 1455 (1931). 

134 Wieland and Stenzl, Ber„ 40, 4825 (1907) ; Ann., 360, 299 (1908) ; Allen, Eliot, and 
Bell, Can. J. Research, 17B, 75 (1939). 

136 Meyer, Irschlick, and Schlosser, Ber,, 47, 1741 (1914). 

13® Milas and Maloney, J. Am. Chem. Soc., 62. 1841 (1940). 
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1,2-Diketones 

Conjugate addition is less frequently encountered with 1,2- or 
a-diketones than with other conjugated systems, for there are relatively 
few addends both parts of which will add to oxygen. Only hydrogen 
and the alkali metals add 1,4 to a-diketones. The reduction of benzil 
furnishes benzoin, apparently a result of 1 ,2-addition. Thiele, however, 
showed that this reduction was actually 1,4-addition of hj'-drogen 
followed by ketonization, for, by reiducing the dik(4,one in an acetylating 
medium, he was able to isolate the acetates of both stcreoisorncjric forms 
of the intermediate 1,4-addition i)roduct.^“‘ 


CeHsCOCOCcIU + II 2 + 2(CII,C0).0 -> CdUC^CCelU + 2CIIaCOiII 

CH3C00 icociis 

■CJl5C=CCcTl5- 

I I 

no OH 


C.HsCOCOCJU + Ib 


-> CcibcrioiicoCeiis 


Recently the ene-diol intermediates, themselves, have bet'n isolated in 
analogous (compounds.'®’ Those a-diketon(^s which cannot enolize will 
add sodium in the 1,4-positions: the metallic derivatives thus formed 
can be acylated with acid chlorides.*** 

CsIUCOCOCelb + 2Na — C6lUC=-CCclIi, CeIbC=CCJl5 

II II 

NaO ONa CJIiCOO OCOCJb 

] ,2-Dikeion(^s are cleavc'd with alkaline hydro^xai peroxide. Tlie 
disco ven^rs of this reac^tioii suggested that it procec'ded through the 1,4- 
addition of hydrogen piuoxide as HO — OH, but latca' work indic^ates 
that the cleavages is a result of 1,2-addition of the reagent as H — OOH 
to a single carbonyl group. 

The conjugated systems considered up to this point have, with the 
exception of the enynes, been made up of two or more similar unsaturated 
groups. The most frequently encountered and the most thoroughly 
studied conjugated systems, however, are those which contain two 
different unsaturated groups, and most of the remainder of this chapter 
is given ov(t to the discussion of this kind of conjugated system. Nearly 
all substances containing a conjugated system which includes an oxygen 
atom show halochromisrn, the property of forming with strong acids 

Fuson and Corse, ibid., 61 , 975 (1939) ; Fuson, Corse, and McKeever, ibid., p. 2010; 
Thompson, ibid., p. 1281. 

138 Kohler and Baltzly, iJrid., 64 , 4015 (1932) ; Bachinann, ibid., 66 , 903 (1934). 

^39 Weitz and Scheffer. Ber., 64 , 2327 (1921). 

^*0 Barnes and Lewis, J. Am. Chetn. Soc., 68, 947 (1930). 
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colored saltlike products which arc more or less readily decomposed by 
water. 

a, P-Unsaturated Aldehydes and Ketones 

Some reagents add 1,2 to the carbonyl grouj) of a,/3-unsaturated 
aldehydes and ketones; others add 3,4 to the ethylenic linkage; still 
others add 1,4 to the conjugated system, and a final group of reagents 
adds both 1,2 to the carbonyl group and 1,4 to the conjugated system.* 
Organomagnesium halides fall into this last category. With the 
Grignai'd reagent the mechanism of 1,4-addition has been established 
and the effect of substituents on the mode of addition has been deb^r- 
mined. From the information available about th(i addition of tlu', 
Grignard reagent, one can often predi(^t whether otlier reagents will 
add and in what way fhey will add and one can draw reasonable iider- 
ences about the mechanism of addition. On account of the cardinal 
importance of the reactions b(4ween the Grignard leagcait and Q;,/S-un- 
saturated carbonyl compounds these reactions will be consid('red first. 

a,/3-Unsaturat(;d aldehydes add th(5 Grignard r('agent 1,2 to tlu; car- 
bonyl group; the only exceptions so far d(‘scribed are the 1,4-addilions 
of <crf.-butyl- and b-rf.-amylmagnesium halides to crotonaldehyde.''*^ 


iiCH=ciic;4 -I- 
^0 




R'MgX 


HX 


CHsCH^CIIC^ + (ClkijaCMgCl 
^0 


IICI 


-> i{(nr==cn— (’lion 

R' 

/II 


-> ('llsCHCIRC' 

I 

(ClkOaC 




Unsaturated ketones furnish with th(' Grignard reagent saturated 
ketones or unsaturab'd alcohols or mixture's of both products. 

The formation of unsaturated alcohols is obviously the n'sult of 1,2- 
addition to the carbonyl group; the formation of saturated ketones may 
be due either to direct addition of the reagent to t he (dhylenic linkage 
(the reaction series 1) or to 1,4-addition of the reagent to the conjugatc'd 
system followed by ketonization (the reaction series 2). 

* Acetylenic ketones such as Ixjnzoylphenylacetylcne, 'filifi, add the 

same reagents, with few exceptions, as do the ethylenic ketones, and the niode of addition 
is often similar. Kecently a,/3-uiJsatunited sulfoncs, C/filf6CdI=( ’HSOoCells, have been 
prepared and studied. They, too, show many analogies wdth the ethylenic ketones. See 
Kohler and Potter, J, A7n, Chain, Soc.^ 67, 1310 (1935). 

Stevens, J. Am, Chun. Sac., 57, 1112 (1935). 
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CeHs 


CgII 6 CH=C(C 6 H 6 )COC 6 Hb + CcIlsMgBr (C6H5)2CHCCOC6 Hb 


II 


MgBr 


HX 


(C6HB)2CiiciT(C6n6)Coc«n6 (i) 

IV 


IIX 


(C6ll5)2CHC(C6ll5)=CC6lTB > (CGnB)2CHC(Cf,HB)=CC6n5 

I / “I I 

OMgBr y/ OH 

/ (C61Ib)2CI1CH(C6Hb)COC6Hb (2) 

0 o 


(CcnD)2cnc(Ccns)cc6ir5 ((\n5)2CHCoc«iiB + CgITbCOsH 

V I 

OH 


The mechanism involving direct addition to the ethylenic linkage is 
improbable, for th(' Orignard nuigent has nev(^r bt'cn observed to add to an 
ethylenic linkage that was not conjugated either with a carbonyl group 
or with a carbon-nitrog(‘n doubki or triple linkages Further, if direct 
addition were to take plac(!, the magnesium halide derivative (II) with 
an unprot,ect.ed cai’bonyl group should react with ('xcess reagent to 
furnish a saturated tertiary alcohol. Positive proof that the formation 
of saturated ketones proccH'ds through 1,1-addition was pn^sented by 
Kohk'r, who established th<^ structures of the enolic 1,4-addition prod- 
ucts.’'*^ In the case of benzaldesoxybiaizoin (I), the, cnol (III) is suffi- 
ciently stable, to permit isolation, examination, and study of its conver- 
sion to the k(‘ton(i (IV). "i"h(> structure of the enol (III) is shown by the 
formation and decomposition of the peroxide (V). 

The (effect of substituents on the mode of addition of thi; Grignard 
reagimt to o:,/3-unsaturati!d carbonyl compounds is showm by the data 
in Table III. It, will b(i nottni that ,as the activity of the carbonyl group 
dc'creases the amount of 1,4-addition increases. The mode of addition 
dei)ends upon the numb('r, kind, and positions of the substituents in the 
caibonyl compound and upon the group present in the Grignard 

'^"-Kohlor, Aw. Chew. J., 36 , ISl (190(1). See, also, Kohler, ■iMd., 37 , 369 (1907); 
Kohlor and Mydans, J. Avi, Chem. Sor., 54 , 4(J()7 (1932); Kohler, Tishler, and Potter, 
ibid., 67 , 2617 (1935) ; rcfereiieo 142. An earlier proof of addition, also due to Kohler, 
Airi. Chem, J., 31 , (>42 (1904), and Kohler and Johnstiii, ibid., 33 , 45 (1905), which was 
based on the replacement of — MgBr in the addition product by reaction with benzoyl 
chloride, is no longer conclusive, for this type of replacement has been found to be unrO' 
liable. Kohler and Tishler, «/. Am. Chem. ISoc., 64 , 1594 (1932). 
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reagent.^^ Reaction medium and temperature usually have little effect. 
In the reaction between isophorone and methylmagnesium bromide, 
however, the addition of one mole p(‘r cent of cuprous chloride changes 
the course of tlu; n'action from 90 per cent 1,2-addition to 7 per cent 
1,2- and 82 per cent 1, 4-addition. 


TABLE III 


Substance 

Per Cent 1,4- Addition With 

CeHBMgBr * 

C2nBMgBr * 

II 



C6H5CH=CIIC/ 

0 

0 




CfiHBCH^CHCOCIL 

12 

60 

C6H5CH=CIICOCH2CIl3 

40 

71 

CcHbCII--CHCOCI 1 (Cn.'i)2 

88 

100 

C6H5CfI-CHCOC(CH3)3 

100 

100 

CeHBCH^-CHCOCfills 

94 

99 

(CGH5)2C=CIICOCBH,r, 

0 

18 

CGHsClI-KKCfiTLOCOCoFlR 

100 

100 

CgIIsC^CID^CHCOCcHb 

44 

41 


* The remainder of the product is to be accounted for by 1,2-addition. 


The completely phenylated ketone, diphenyllx'nzalacetophcnonc, 
does not react with the Grignard reagent under ordinary conditions. 
The forced reaction, at higher tempt^ratures, results in 1,4-addition 
involving a phenyl group.'^^ 


H Cells 
\ 


(CeHs)2C=C(Con6)C-/ \ + C.lIsMgBr — (C,IIs)2C-=C(C6lIs)C-=> 

A ' 

OMgBr 



If addition involving the phenyl nucleus is blocked by the use of a 
mesityl group, the usual type of 1,4-addition results on forcing the 
reaction. 


Smith and Hanson, J. Am. Chem. Soc., 67 , 132G (1935); Colonge, Bull. soc. chim. 
[5] 2 , 754 (1935). 

Kharasch and Tawney, J. Am. Chem. Soc., 63 , 2308 (1941). 

Kohler, Am. Chem. J., 38, 511 (1907). 

Kohler and Nygaard, J. Am. Chem. Soc., 62 , 4128 (1930). 

Kohler and Barnes, ibid., 55, 690 (1933). 
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Similar 1,4-additions involving a cyclic double bond are found in 
polynuclear ketones. Benzanthrone and naphthacenequinone add 
certain Grignard reagents in the 1, 4-position.’^’ With the quinone the 
primary product, a tetrahydroaromatic derivative, can be isolated. 



0 O 11 Cells 


Th(' behavior of a variety of phenyhnelallic compounds toward 
b('nzalac(!tophcnono has bc'en investigated.’^® As the reactivity of these 
phenylmetallic compounds decreases, the amount of 1,4-addilion 
increases. The very reactive compounds, dii)henyl(^alcium and phenjd- 
potassium, give 1,2-addition only. With a,j8-unsaturat('d aldcdiydes and 
ketones the organozinc compounds furnish products similar to those 
obtained with the Grignard reagent.’^® 

The information about the addition of organornagnesium halidcjs to 
a,^-unsaturated carbonyl compounds binng available, the other reactions 
of these unsaturated compounds may j'.ow be discussed. Wlnuiever 
I)ossible, cinnamic aldehyde, C’an 5 C'll=ClICHO, and benzalaeedo- 
phenonc, C 6 H 5 CH=CHCOC 6 H 5 , will be u.sed to illustrate these 
reac^tions. 

Considering first the reactions of the ethylcnic linkage, it is to be 
noted that the halogens add to that linkage in the usual manner. 

/H /II 

C«HbCII=CIIC^ -I- CI 2 C6HbCIIC1CIIC1C4 

CeHsCH^CHCOCoIlB + Bra ^ CellBCHBrCHBrCOCeHB 
Most oxidizing agents convert cinnamic aldehyde to benzoic acid. 

Allen and Overbaugh, ibid., 57 , 740, 1322 (1935) ; Allen and Gilman, ibid., 58 937 
(1936) : Allen and Bell, ibid., 62 , 2408 (1940). 

Gilman and Kirby, ibid., 63, 2046 (1941). 

Kohler and Heritage, A7n. Chem. J., 43 , 475 (1910). 
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Atmospheric oxygen or silver oxide, however, furnishes cinnamic acid. 
Ozone gives benzaldehyde, benzoic acid, and a polymer of glyoxal.^®® 
Benzalacetophenone is oxidized to benzoic acid by most oxidants, 
including ozone, but nitric acid oxidation furnishes some benzoylformic 
acid.“^ Perbcnzoic acid, which forms epoxides with isolat(!d ethyicnic 
linkages,® rarely attacks a,|8-unsaturated carbonyl compounds, while 
alkaline hydrogen i)eroxide and sodium peroxide, which are without 
effect on isolated ethyicnic linkages, form cpoxidtis with «,|3-xmsaturated 
ketones.^®® 

NaOIT 

C6H6CIT=CHCOC6Hfi + HOOK > CcHadlCIICOCeHs + II 2 O 

\ / 

O 

The halogen acids do not add to all a!,j8-unsatiuated carbonyl com- 
pounds. Where addition doc's take place, usually a single product is 
formed and in this piodiuit tln^ halogen is attaclicHl to the d-carbon 
atom; sec, however, ph(>nylproi)i(.)lic acid, p. 6S2. 'I'lu! mcMihanism of 
addition is in all probability 1,4 with hydrogen adding to oxygen, 
followed by ketonization. 


CHj==CHCOC6ll6 -1- HCl -» rCll2ClCH-=CC6n 


ClbClCIbCOCelb 


CelHCir^CIICOCeHs + IICl CeH^CIIClCHaCOO.Ht 


C6ll6CII=C(C6ll6)COCJIo + IICl -> C6lUCIICICir(Cf,Tl6)C()C6H6 


In the presence of aluminum chloride or sulfuric acid, benzeme adds 
reversibly to a,;8-unsaturated ketones.^®® The addend appears on the 
ethyicnic carbon atoms. The mechanism is not clc'ar. 

Hydrogen and diphenylketene add both to isolated ethyk'nic link- 
ages and to carbonyl groups. Wlam these two type's of double bonds 
are conjugated, hydrogen may be added catalytically or by the use of 
metal combinations. By citheer method, a,i8-unsaturated aldediydes give 
saturated aldehydes, unsaturated alcohols, and satm-ated alcohols. 
Only rarely is bimolecular reduction of an unsaturated aldediyde; em- 
countered.^®® Selective reduction of the carbonyl group to yiceld an 
unsaturated alcohol is accomjjlished by catalytic redmdion with a 
promoter such as ferric chloride,®® or by means of an aluminum alkoxide 
and an alcohol.®® 

Harries and Tcmriie, Bcr., 40 , 1G9 (1907). 

Claisen and Claparede, Bcr., 14 , 2465 (1881). 

1^2 Kohler, Am. Chem. J., 31, 642 (1904); Vorliinder and PViedberg, Bcr., 66, 1144 
(1923) ; Eaton, Black, and Eiison, J. Am. Chem. Soc., 66, 687 (1934). 

Sorensen, Stene, and Samuelsen, Ann., 643 , 137 (1940). 
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^II 


C6H6CH=CHc/ + II 2 
^O 


fC„H6CH=CIICIl20U| 
IC6H6CII..CII2CIIO 1 


1I2 


CeHsCHjCHiCIIjOII 


Unsaturated ketones can be reduced to saturated ketones by catalytic 
hydrogenation or to unsaturated alcohols by means of aluminum 
isopropoxidc!.^'^ Reduction Vjy mcians of m(;tal combinations, however, 
leads primarily to bimohicnlar products.’^® The mechanism of the 
reduction to saturab^d ketones by catalytic hydrogen has been shown 
to be probably 1,4-addition; the corresponding reduction by metal 
combinations is definitely 1, 4-addition. In all likelihood the formation 
of the bimolecnlar products involves addition of hydrogen to oxygen 
followed by dimerization in the 4-position. 

CeTUOllCIUCOCelTs 

2CGHBCII=CHCOC6n5 + 112 1 

Ccllr.(ni(ni2COCcTl6 


Diphenylketene adds both 1,2 and 1,4 to Ixuizalacetophenone, giving 
a mixture of /S- atid 5-Ia(;tones.*''^^ 

Celb 

CcHbCII=-C1I O 

(cjii,)2i-i==o 

C6ll6CII=CHCOC6ll6 + (Cf,IU)2C-=C=-0 -> + 

CeibCircH^cCciis 
(Ceiuist!:) — c— o 

M 


Of the reactions characteristic of the carbonyl group the addition of 
sodium bisulfite to unsaturatod jildehyd<'s and ketones may be considered 
first. Cfinnamic aldehyde forms a bisulfite addition product just as 
oth(‘r aldehydes do, Init on prolonged treatm(>nt with the reagent the 
salt of a disulfonic acid is obtained. The explanation for this behavior 
is the following: the l,2-ad(lifion of bisulfite to the carbonyl group to 
yield [A] is rapid and rev('rsible, whereas the formation of the sulfonic 
acid ilirough 1,4-addition is slow and irreversible. As a result the 
bisulfite addition product, initially formed gradually disappears as the 
disulfonic acid accumulates. 

ArcAis and Konyoii, J . Chevi. Soc.^ 098 (1938). 

and ('utter, J. Am, Chem, 48, 1020 (1926); Harries and Hiibner 

Ann., 296, 295 (1897). 

Kohler and Thompson, J, Am, Chrm, Snc., 69, 887 (1937). 

Staudinger, “Die Ketene,” Eiikc, Stuttgart (1912), p. 64. 
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C,HiCII=CIIC<^OII Cai6CH=CHC/ + NaHSO, - C.HsCHCHiC/ 

I 1^0 

SOsNa SOsNa 


[A] 


•|l,NaHSO, 

CelRCHCHaC^OH 

iosNa iojNa 


Sodium bisulfite does not add readily to ethylenic linkages, and the 
addition always requires the presence of oxygen or peroxides. Sodium 
bisulfite rarely adds to saturated ketones unless they are methyl ketones. 
This reagent does, however, add to many a,j3-unsaturat(!d ketones, 
acids, and esters. 

C6HBCn=C?ICOC6H6 + NallSOs CcHbCITCH.COCsHb 

SOsNa 

Hydrogen cyanide adds 1,2 to the carbonyl group of «,j8-unsaturated 
ald('hydes; with the cornssponding ketones, however, hydrogen cyanide 
furnishes y-ketonic nitriles, presumably as a i(\sult of 1,4-addition.’^* 

C6nBCH=CIIC— OH 

I 

CN 

C6H6CII=CTICOC6TIb + HCN CsHbCIIGHjCOCsHb 

CN 


C6H6CH=CHC4 + IICN 
^0 


The behavior of carbonyl reagents, such as hydrazine, phcnylhy- 
draziiie, semicarbazide, and hydroxylamine, toward a,)3-unsaturated 
aldehydes and ketones depends upon the conditions under which the 
reactions are carried out, as well as upon the substituents present in the 
carbonyl compound. In an acidic medium these reagents usually form 
hydrazones, phenylhydrazones, .semicarbazones, and oximes. In an 
alkaline medium the reactions arc much more complex, and products 
have been obtained corresponding to reactions both with the ethylenic 
linkage and the carbonyl group. Secondary products, due to reactions 
involving active hydrogen atoms in the primary addition products and 
to oxidation-reduction reactions, are also formed. An extreme example 
is benzalacetophenonc, w^hich funii.shcs the following six different prod- 
ucts on treatment with hydroxylamine and alkali.*®* 

Michael, J. Am. Chem. ,S'«c., 69 , 744 (1937). 

Fleck, Dissertation, Leipzig (1903) ; Auwers and Muller, J. prakt, Chem., 137 , 67 
(1933). 
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C6H6CCH2COC6HB 

C6H8CHCII2CC6HB 

C6n6CCIl2CC6HB 

II 

1 11 

II 11 

NOII 

NHOH NOH 

NOH NOH 

C6H5CUCH2CC6H6 

1 II 

C 6 n 5 C=CIICC 6 ll 6 

1 II 

C6HBCnCll2COC6HB 

1 II 

0 N 

1 II 

0 N 

1 

NOH 

1 



1 

CfiHBCHCIi.COCfillB 


With nK'thoxyaminc instead nf hydroxylaininc', secondary reactions do 
not take i)lact' and the products aiv those' resulting from addition to the 
cthykmic linkage', lu’esumably threnigh a 1,4-adelitioii.i'*'’ 

With a,j8-unsaturale'd carbonyl ce)mpounels, ammonia and amine's 
furnish products ceuTcsponding to addition te) the ethylcnic linkage. 
As in the reae-tie)ns just de'.scribe'd, complicatiems may result freun 
se'e'ondary re'actions due to the aejtivc hydi'ogen ai;Oms in the i)rimary 
addition products. 

(CH3)2C=CHCOCHs + Nila -> (CHsj.CCITsCOCHs 

1 

NII2 


Malonic, cyanoacetic, and acetoacetic esters, aliphatie; nitro esom- 
pounels, de'soxybe'nzoin, and a host e)f eethe'r substance's containing 
hydrogen atoms activated by adjace'uce to an unsaturated group, will 
react reversibly with «,/3-unsatui-ate'el cai'be)nyl eeunpounds in the pre's- 
cncc e)f a small amount of alkali.*®’ With OjiS-unsatiirateid aldehydes 
l,2-additie)n te) the carbeenyl grenip takers plae-e'; the reaeitieai is anale)gous 
to the; aldolizatioii reactions of simple aldehydes. 


CclhCn=CIIC 


/ 


II 

O 


+ ClhtCOsC.IUl'i CahCII=-CUCH-=C(C02C2H6)2 + H,o 


With unsaturateel ketones reactieen does not alwaj's take place. A con- 
venient gene'ralization is that the*se reage'iits add whe'n the Grignard 
reagent adds 1,4. The reagent aelds as H and A, and A always appears 
attae^he;d to the /3-earbon atom.’®^ 


C6H5(TI=CHC0C6H5 + CIl2(C02C2H6)2 C 6 H 5 CIICII 2 COC 6 HB 

1 

CII(C02C2ll8)2 

It is imi)ortant to use only a small amount of alkali to prevent 
reversal of the addition and to avoid secondary reactions.’®® Thus, in 

'®'’ Blatt., J. Am. Chtm. Sue., 61 , 3494 (1939). 

Connor and McClollaii, J . Org. Chvm., 3 , 570 (1939). 

Vorliinder, Ann., 320 , 00 (1902). 

Kohler and P. Allen, J. Am. Chem. JSoc., 46 , 19S7 (1923) ; Michael and Ross, ibid. 
52 , 4098 (1930) ; 65 , 1632 (1933) ; Connor, ibid.., 66 , 2713 (1934). 
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the presence of a small amount of alkali, cyanoacetic ester adds to 
benzalacetone, but with one equivalent of alkali the primary addition 
product is cyclized. 

C 6 HbCII==CIICOCH 3 + NCCH 2 CO 2 CII 3 ^ 

C6HBCIICH2COCII3 C6 TIbCHCH2 COCH2 

1 I 1 

NCCnC02CH3 NCCH C=0 

Frequently the primary addition product adds to a second molecule of 
ketone to form a “trimolecular” product. Reversal of the addition 
reaction does not always lead to the original products: the reaction 
between diethyl methylmalonate and benzalacetophenone using a mole 
of alcoholate furnishes ethyl benzoylacetate and ethyl a-methyl-cin- 
namate.*“ In this connection comparison shoidd be made with tht; 
addition of malonic esters to a,/3-unsaturatcd esters described on p. 082. 

C 6 H 6 CH==CHCOCeIl 6 C0II6CIICII2COC6H6 CJRCOCHjCOiCsIIi 

+ -» f -» + 

CHsCHCCOjCsHda (CHdC(CO.,C..nda CoIIt,ClI=C(CII,)C02C2n6 

Thiophenol and sulfinic acids'®® add 1,4 to un.saturated ketones as 
H and A, the hydrogen appearing on the a-(!arbon atom in the addition 
product. 

C6H6CH=CHCOC6lT6 + CIIjCelRSOall CelloCIIClIaCOCellB 


CII 3 C 6 H 4 SO 2 


The reactions of a,)3-unsaturated ketones with phosphorus penta- 
chloride and tiichloride are difficult to classify. The pentachloride 
furnishes phosphorus oxychloride and oxygen-fiee unsaturated com- 
pounds containing chlorine.'®’ The. mechanism may be; 1,2- or 1,4-addi- 
tion. The product [B] obtaiiusd from benzalac(4.oph(‘nono corresponds 
to 1,4-addition, but a 1,2-addition product [A] would contain a system 
that is known to rearrange easily, and 1,2-addition followed by rear- 
rangement would also furnish [B]. 


C6ll4CH=CnC0C()IIj + PCU 


Cl OPCU' 
.c,ii6cii=cnc^en6 


POCMa -I- CdlcCH-CHCChCelB [A] 


OPC 14 " ■ 
.CeHiCHClCllJceHB, - 


POCls + CeH6CHClCH==C(Cl)C6H6 [B] 


Holden and Lapworth, J. Chem. Soc., 2368 (1931). 

166 pQgner, Ber., 37 , 502 (1904); Ruhernaiin, J. Chem. Svc., 87 , 17, 461 (1905). 
Kohler and Reimer, Am. Chem. J., 31 , 163 (1904). 

Straus, Ann., 393 , 235 (1912) ; Conard, J. Am. Chem. Soc., 62 , 1002 (1940). 
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In the reversible addition of phosphorus and orga nophosphorus haUdes, 
the addend does not dissociate; instead the phosphorus undergoes an 
increase in valence and cyclic producte result.^®* 

C6HbCH=CIICOC 6H5 + CeHtPCb CcHBCHCn=CC6HB 


CoIIbP(C12) — 0 

In the reacition between diazonium salts and some a,j8-unsaturated 
carbonyl compounds, nitrogen is eliminated and an a-hydrogen atom 
is replaced by an aryl group.**® 


C6H6Ch=chc + ciC6n4N2Ci 


CeUfiCH^CC^O + N 2 + HCl 

I 

C 6 H 4 C 1 


a,p-Unsaturated Acids and Esters 

Simple a,/3-ethyl(mic and acetylenic acids, their derivatives and 
substitution products, ciosely resemble the corresi)onding unsaturated 
ketones in their clu^mical behavior. Many of the HA reagents which 
add to unsaturat(!d carbonyl compounds add to the acids unless there is 
interference! from the acidic hydrogen atom. The mode of addition can 
often be predicted fairly closely by analogy with the corresponding 
ketones. 

CcnBCH=CHC02R + CIHCCO.R). ?=> CeHsCHCIHCOaR 

1 

CH(C02R)2 

f'eHBCn^CnCO^CHa + CIIaMgl --> 

C 6 H 6 Cn=CIICXOH)(Cll 3)2 [1,2-addition] 

CJTbCII^CHCOoCHs -t- CsHBMgP.r 

(C 6 ll 5 ) 2 CHC HsCOCellB [1 ,2- then 1,4-addition] 

HX 

CellBClI^CCCoTlDlCOaCHs + CIIsMgl — > 

C6H6CH==C(C6Hb)C(OH)(CH 3)2 [1 ,2-addition] 

C6ll6Cn=C(C6nB)C02CIl3 -h CeHsMgBr — -> 

(C6ll6)2CHCH(C6H6)C02Cn3 [1,4-addition] 

Coimnt, J. Am. Chert. Soc., 43, 1705 (1921). 

169 Meerwein, Btichner, and van Enister, J. prakt. Chem., 1S2, 237 (1939). 

Kohler and Heritage, Am. Chem. J., 33, 21 (1905). 

Kohler and Heritage, ibid., 33, 153 (1905). 
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A striking exception is furnished by phenylpropiolic acid, which adds 
hydrogen bromide to furnish a-bromocinnamic or /3-bromocinnamic 
acid, depending upon the solvent.*^^ 

In the addition of malonic osIcts to a,/3-unsaturated esters complica- 
tions result when one mole of alkoxide is used to bring about the reaction. 
When methylmalonic est('r adds to crotonic ester in the presence of a 
small amount of alkoxide the normal addition product [A] results; with 
a mole of alkoxide the rearranged product [BJ is obtained. 

CH 3 CHCH 2 CO 2 R 

iNaOR/ Cn8C(C02R)2 



CH(C02R)2 

Alternative explanations of this type of rearrangement have been 
advanced by Michael and by Lapworth,’^'^ but at i)j*esent evidence 
for a decision between these explanations is lackingJ’^® 

Il 3 ^drogen c^^aiiidc adds to esters of a,i8-iinsat.urated aJiphatic acids 
and to ethyl cinnaniatc^ The piirnary addition i)roducts have rarely bc^en 
isolated; on hydroh\sis they furnish substituted succinic acids. 
Jl^^drogen cyanide adds to unsaturated malonic ('sters in alkaline solu- 
tion, and addition is accompanied hy hydrol^^sis and loss of carbon 
dioxide. 

C6H5CH=C(C02R)2 CeHBCHCIIzCOaH 

CN 

Aliphatic diazo com[)Oimds add to a,^-unsaturated esters. The 
reactions an; useful in Ihe synthesis of ])yrazolines, pyrazok's, and 
cyclopropanes. 

RCH==CHC02CH3 + CH 2 N 2 -> RCH CHCO 2 CHS 

I 1 

CH NH 

Michael and Shadiiiger, ,7. Org. Chem., 4, 12<S (1039). 

(a) Bredt and Kallen, Ann., 293, 342 (1896); Higginbotham and Tiapworth, J . Chem. 
Soc.f 121, 49 (1922); Fanner, Ghosal, and Kon, J. Chem. Soc., 1804 (1936) ; Michael, J. 
Org. Chein., 2, 303 (1937); Gardner and Rydon, J. Chem. Soc., 42 (1938). 

Pechmann and Burkard, Bor., 33, 3590, 3594, 3597 (1900) ; Auwers and Ungemach 
Ber., 66 , 1205 (1933). 
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Cn2=CHC02C2ll6 + N 2 CIICO 2 C 2 II 5 CIT 2 — CHCOaCillB 

I I 

HBC2O2CCH N 
\n-/ 

Aromatic diazonium salts react with a,/3-unsaturated esters. Nitrogen 
is eliminated, and addition a.s Aryl — X takes jjlace, the aryl group 
adding to the a-carbon a(-om. With aeetylcuiic acids a parallel reaction 
takes i)lace, while with ethylcnic acids the aryl group replaces an 
a-hydrogen atom and carbon dioxide is lost to fui-nish stilbcnc's.^®® 

Using the a, j8-nn.sat invited acids it is jiossiblc by studying the rates 
of esterification to show that conjugation of a carboxyl group with an 
ethylcnic linkage dccriiases the reactivity of the carboxyl group. Thus, 
for esterifiiiation under comjiarable conditions, the following results 
are available.^’® 


CH3CIl2Cll=CIIC()2H k = 1.5 
CHsCH^CHCHoCOoH k = 74.0 


C6HBCn=CHC()2H k = 0.937 
CgIIbCIUCIUCOoII k = 47.3 


Similarly the effiict of conjugation with a carboxyl group on the reactivity 
of an ethyli'nic linkage' can be ('stablished by the determination of the 
rates of addition of bromine to unsaturati'd acids. Detennination of 
these rates shows that the rati; of bromiiu' addition to an idhylenic link- 
age conjugated with a carboxyl group is much slower than to an isolated 
cthylenic linkage. 

TABLE IV 

Substance Biiomine Addition 

k 15“ 


cii;)CH--cnco..ii 

Cn;,CIl2Cll=CHC02H 

CH3CH--CIICIl2C02n 


4 7 X 10-® 
3.3 X 10'® 
10.0 


The addition of hypochlorous acid to cthylenic double bonds is also 
much retarded if the bonds are conjugated with a carbo.xyl group and 
the. nature of the products is influimced by the proximity of the ethylcnic 
linkage to the carboxyl group.^’* The acids CH3CH=CHCll2CH2C02H 
and CH 3 CH 2 CH=CHCH 2 C 02 lI add hypochlorous acid readily 
and give mixtures of the two possible products, while the acid 

Buchner and co-workers, Ann., 273, 214 (1893); Auwers and Ungemach, Ber., 66, 
1198 (1933). 

8ud borough and Gittiiis, J. Chem. Soc,, 96, 315 (1909). 

Sudborough and Thomas, ihid,., 97, 715, 2451 (1910). 

Bloomfield and Farmer, ihuL, 2002, 2072 (1932) ; Bloomfield, Farmer, and Hose, 
ibid,, 800 (1933) ; Farmer and Hose, ibid., 962 (1933). vSee, also, reference 38. 
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CH3CH2CH2CH==CHC02H combines with the same addend very 
slowly and gives only one product. 

CH 3 CII 2 CH 2 CHOHCIICICO 2 H 

Sxich imidirectional addition of hypochlorous acid to a,^-unsaturated 
acids does not always take place, as the following data show, for this 
reagent is not of the HA type where II necessarily enters the molecule 
via oxygen. 

TABLE V 

Pee Cent Prodtjct with OH 
Substance on 0-Carbon Atom* 


CH3CH=CHC02H 

74 

CH2=C(CH3)C02H 

10 

CH3CH=C(CH3)C02H 

38 

C6H6CH=CHC02H 

100 

C6HBCH=C(Cn3)C02H 

100 


♦Balance of product has OH on a-carbon atom. 


In the discussion of a,/3-unsaturatcd acids frequent references to and 
comparison with /3,7-unsaturated acids have Ix'im made.* The /3,7- 
unsaturated acids illustrate a very general tendency of /3,7-unsaturat(!d 
systems to rearrange to conjugated a,/3-unsatuTated systems which are 
usually more stable. 

C6H8Ch=chch2C02Tt C6iT6Cii2Cn=CTiC02n 

JvOII 

/3,7-Unsaturated acids often show a tendimcy to form isominic saturated 
lactones by intramolecular addition. Since this reaction is not reversible 
it will go to completion, and an a,^-acid may isomeiize first to tlu; 
j8,7-acid and then cyclize. 7,5-Unsaturated acids form lactones and 
cyclic ketones. 

When the unsaturation in the j8,7-position is a carbonyl group, keto- 
enol tautomerism occurs. 

CH 3 CCH 2 CO 2 C 2 H 6 CH 3 C=CHC 02 C 21 Ib 

11 1 

0 OH 

The factors affecting the stability of a,|8- and j8,7-isomerides have been 
extensively investigated,**® but, beyond noting that tautomerism is 

♦ The gliitaconic acids, H02CCH2CH=CHC’02H, combine both a,/3 and ^,7 nnsat- 
lira ti on, and the chemistry of these acids and their derivatives has presented many prolv 
lems of unusual interest. Though complex, the reactions of the glutaconic acids can be 
satisfactorily accounted for by the simultaneous occurrence of geometrical isomerism 
and l,3“rearrangements, Kon and Nanji, J. Chem. Soc,, 2420 (1932) ; a detailed discussion 
of these reactions is beyond the scope of this chapter. 

Plattner and Pfau, Helv, Chim. Acta, 20, 1474 (1937). 

Baker, “Tautomerism,” Routledge and Sons, London (1934). 
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essentially an interconversion of a,/3- and j 8 , 7 -unsaturated systems, it 
will not be discussed in this chapter. 

A comparison between the reactivities of two conjugated systems, 
in one of which an ethylenic linkage is conjugated with a carbonyl group 
while, in the other the ethylenic liukag(' is conjugated with a carbalkoxy 
group, is possibhi using /3-benzoylacrylic ester. With this compound IIA 
reagents add to the conjugatcid systt'm containing the carbonyl group.^**^ 

C6HbC 0CII==CI1C02C2TI6 + CII3NO2 CellBCOCIIaCHCOsCiHB 

i 

CH2NO2 

The Diene Synthesis 

The. diene synthesis consists of the 1,4-addition to a conjugated diene 
of an ethylenic compound in which the ethylenic linkage usually is, but 
need not be, part of a conjugated sysk'm. Isolated examples of the 
diene synthesis have been known for over fifty years,^® but the reaction 
was first rec^ogiiized by hluler and Josephson and has since been 
extensively d('veloped by Dit;Ls and Ald(u\^**^ 

A simpk' example of a dieiic' synthesis is th (5 addition of acrolein to 
butadiene. 




CH2 
/ \ 

CTI 

CH2 

CH €112 

i 

+ 11 

- 11 1 

CII 

CHCHO 

CH CHCHO 

\ni2 


\ / 
nir.. 


It will be notic('(l that 1,4-addition has takem place, that the addend has 
not split, anti that a cyclic compound has been formed. The more use- 
ful addt'iids have bt'cn a',/3-unsat,urat(id compounds such as maleic 
anhydride, acrolt'in, acetylene dicarboxylic ester, and the quinones, but 
conjugated dit'nes can serve as addends (the dimerization of isoprene),^®* 
as can ethylene itself and simpk* ethylenic compounds such as vinyl 
acetate and allyl chloride, in which the ethyk'nic linkage is activated by 
adjact'nce to a polar group.’**' 

Only 1,4-addition takes place in the diene synthesis even though the 
1 - and G-positions are available. 

Kohler find h'ngelbrecht, J. Am. Chem. Soc.y 41 , 764 (1919). 
i»2Tilden, J. Chetn. Soc., 46 , 410 (1884). 

Euler and Josephson, ZJer,, 53 , 822 (1920). 

Diels and Alder, An7i., 460 , 98 (1928), and numerous later articles; also Adams and 
Gold, J. Am. Chem. Soc., 62 , 56 (1940) ; Allen, Bell, Bell, and Van Allan, ibid., 656. 

Alder and Rickort, A 7 in., 643 , 1 (1939). Ketencs, however, do not enter into the 
diene synthesis; Binith, Agre, Leckley, and Prichard, J. Am. Chem. Soc., 61 , 7 (1939)' 
Joshel and Butz, ifyid., 63 , 3351 (1941). 
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C6H5CH=CH— CII C6H6CH=Cir— CII 


II 

CHCO 

/ \ 

CH 


\ 

CH CHCO 

1 + 


0 

II 1 >0 

CH 


/ 

CH CHCO 

II 

CellsCH 

CHCO 

\ / 

CII 

1 

CeHs 


Polyenes add one mole of maleic anhydride for each independent con- 
jugated system; thus, diphenyldodecahexaene adds thnu; moles of the 
anhydride.'*® 

The diene synthesis is applicable; to cyclic dienes, some furans, and 
coumalin.* When the diene is cyclic, bridgc'd ring products result. 
Endoethylenic bridges, such as that in [A], are eliminated as ethylenic 
hydrocarbons on hc'ating, and since the hydrogem atoms markc'd with 
asterisks arc easily removed by oxidation, it is jxissiblc to convert the 


CII 


CH 


CII 


CII.. 


CII 


CH 


CII., + 


(HI., 


CHCHO c:h 


CII, 

'cHCHO 


CH 

/ \ 


CH 

0 

II 

/C\ 


CH 


CH 


CH 


CH 


U 




CII* C 


CH 

^ \ 


CH 


CH 

CH, 

CH 

C 

CII 

CH, 

1 

1 

+ 1! 

II 

1 ^ 

1 

CH 

CH, 

CH 

c 

CH 

CH, 




CH 


II 

0 


CH 


CH 


CH 


CH* C CH 


VC/ 

II 

0 

[A] 


CH 



+ C,IH + IT, 


Kuhn and Wagner- Jauregg, Ber., 63, 2602 (1930). 

Heterocyclic; nitrogen compounds react, but in a different manner. 
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addition products to aromatic compounds. When the structures of the 
aromatic compounds are known it is possible to work back to the struc- 
ture of the diene. Carbonyl bridges, such as that in [B], are lost as 
carbon monoxide on heating, and the resulting dihydrobenzenes are 
easily dehydrogenated.^*’ 

CcITsC^CCelTs 

\ CHCO0CII3 

C =0 -b !| 

/ CHCO2CII3 

C'6ll5C=C(^6H5 


t’clU 

1 

CoIIb 

1 

/\ 

A 

CgIUC CCO 0 CH 3 -t- CO 

ellsC 1 (TKTt^CIls 

11 GO 1 

- 11 1 

bIIbC I ClK'O.C’lIs 

CellbC CCO 2 CH 3 +II 2 

1 

\c-/ 

1 

1 

('gIIb 

1 

Celle 


[Bl 

The diene synthesis always procc'eds stereoselectively, to give polycyclic 
eompouiuls with aK configurations at the ring junctions.'** 

Di('ne additions make possible the syntla'sis of many otherwise 
inaccessible or difficultly accessible products, and they have been much 
used for proving structures and establishing the prc'sc'nce of conjugated 
systi'ins. How('ver, since it has Ix'cn found that not all conjugated 
systems will entc'r into dient' syntheses, the reaction is of diagnostic 
valiuj only when it is positive.'*® 

Conjugation of an Ethylenic Linkage with a Nitrile or Nitro Group 

In this bri('f section will be numtioned certain reactions of systems 
in which an ethylenic linkage is conjugated with some group other than 
those whieffi have heretofore been discussed. The section is short as the 
purpose; is k'ss to describe new types of conjugation than to show that 
these new t,ypes ('xhibit th(' typical behavior of the conjugated systems 
whieffi have already been considenjd. 

The a,j8-unsaturat('d nitiiles undergo both 1,2- and 1,4-addition; 

Allen and Sheps, Can, J. liescarch, 11 , 171 (1934). 

Blitz, Blitz, and Gaddis, J. Org. C/icrn., 6, 171 (1940). 

Bcrtdioi and C^arothers, J . Am. Chem, Soc.^ 65 , 2004 (1933) ; Coffman and Carothers, 
ibid., 66, 2043 (1933). 
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the factors influencing the mode of addition are similar to those dis- 
cussed in connection with the a,/3-unsaturated ketones. 

C6n5CH=CnC=N -l- CIl2(C02R)2 CellsCHCHaCN 


C6HbCII=CHC=N -f CeHsMeBr 


CII(C02R)2 


H2O 


C6H6CH=CIlC=NMgBr - ,> C6n5CH=CnCO 

I HX I 


CeHs 

C6ll6CH=C(C6nB)C=N + CfillsMgBr - 
C6n6CII=C((^6H5)C=NMgBr 


CbHb 


C6H8CIT=C(C6H5)COC6ll5 


Cells , 

(C6nB)2CIIC(Cfin5)=C=NMgBr (C6H5)2CTICII(C6 Hb)C^N 

The a,/3-unsaturat.ed niiro compounds behave in the main like 
ketones, but thdr reactions arc more compl('x.®“'“^ 

C6H6CH=C(C6H5)N02 + 112 CcHsCIIsC^NOH 

1 

Cells 

2C6ll5CH=CIIN02 4- H2 CellsCnCHoNOa 


Cen6ClICIl2N()2 

With the Grignard reagent and substituted a,j8-unsaturat(;d nitro com- 
pounds, only 1,4-addition is obtained.^®^ 

C6ll6CH=C(C6ll5)N02 (Cell5)2ClIC(CelIs)==N/^ 

IIX 

CHsMgl 7^^ 

(CeH6)2C=C(C6n5)N02 (C6ns)2CXC11.0C(CclIs)=N< 

\on 


Conjugate addition to a carbon-nitrogen double bond and a double 
bond of a phenyl group (p. 506) has also been observed in tlu; reactioii 
between phcnylmagnesium bromide and benzophenone-anil.^®® 


C6lIoC=NC.H5 



4 CeHsMgBr 



CoHiCHNIlCJIs 
^CoHs 


nx 



“0 Kohler, Am. Chem. J., 36, 386 (1906). 

Kohler and Stone, J, Am. Chem. Soc., 52, 7G1 (1930). 
Gilman, Kirby, and Kinney, ibid., 51, 2252 (1929). 
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Crossed Conjugated Systems 

Three or more conjugated double bonds which arc not arranged in 
a continuous chain form what is known as a crossed conjugated system. 

Examples are furnished by the pentadieneones, 0=C — C— C=C 

II 

0 5 2 1 

the brariched-chained acids, C=(/ ('=C, and the para-quinoncs, 

fI()C5=() 

4 3 4 3 

CII=CII 

6 5/ \ 2 1 ^ 

yC==0. The more important crossed conjugated systems 

cn==cii 

r 3' 

contain oxygen, and it will be noticed that they can be considered as 
being made up of two or moix' separaU' conjugaUxi systems with one 
or more atoms in common. 

The p('ntadi('ncon(\s have becui the subjc'cr of many investigations, 
as a result of which it is known that they show most of the character- 
istic reactions of Ihc^ sinipha* a,j8-unsaturat ?d ketones. Halogen adds 
to the ethylenic linkages, and two moles of halogen may be added to 
pentadieneonc‘S. In gc'iu'ral, however, it is more difficult to add the 
second mole than the first mole of a reagent to a pentadumeone, even 
though the product of addition of one mok^ still (contains a conjugated 
system. 

The Grignard r(‘ag('nt adds 1,4 to tlu^ conjugated system, C=C— * C, 

11 

o 

in a iientadieiH'oiK',’''* e^i'ii though an excess of the reagent is used, 
only one mole adds at a tinu*. 


CelbCII^CnCOCtl—CIlCelU + C6H6MgBr (CcIl5).CHCII==CCH=CnC6H6 

l*M I I 

|JIX OMgBr 

(Cciid^cHCUaCocii^cnCeiii, 

[BJ 

The reaction leading to the singly unsaturated ketone [B] affords strik- 
ing evidence for 1,4-addition and against direct addition to the ethylenic 
linkage. A second mole of the Grignard reagent can be added but only 
after the conjugated system C=C — C— O has been regenerated by 

Kohler, Am. Chem. J., 37, 3G9 (1907); 38, 511 (1907); Woodward, Borcherdt, and 
Fuson, J. Avi. Chem. 66, 2103 (1934). 
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acidification of the magnesium derivative [A] and formation of the 
ketone [B]. 

TT'jr 

(C6H5)2CHCH2COCH=CHC6n6 + C6H5MgBr > 

(C6ri6)2CHCH2COCH2CH(C6HB)2 

The mode of addition to pentadieneones of substances having hydro- 
gen atoms activated by adjacence to unsaturated groups is similar to 
the mode of addition of these same reagents to singly a^/S-unsaturated 
ketones. The ease of addition is affecbnl by minor variations in th(^ 
structures of the ketone or the addend, and the addition products often 
react further to furnish cyclic compounds. From dib('nzalac('tone and 
malonic ester, each of the three ])ossible i)rodu(*ts has bc'cai isolated; th^ 
cyclic ester is the result of an intramolecular addition process which i.^, 
perfectly analogous to the iiitermolecular addition of a substituted 
malonic ester to an a:,j3-unsaturated ketone.^^*^ 

C6ll6CII=ClIC0CH==--CHC6ll6+Cll2(C02CH3)2 v-^CellfiCIlClI .COCH^ClICJIf 

cii(C02Cir3)2 

IT 

o 

A 

/ \ 

C,IHCIICir,COCH.,ClICeH» ^cihcco^CB.h 

iHCCOjCIIa)^ (!:iI(C02CIl3)2 Celljni tllCeth 

\ / 

'C(CO.Cll3)2 

Dibenzalpropionic acid contains a crossed conjugated sysh'in whieli 
includes a carboxyl group. 

6 5 2 1 

C«H5CH=CHC=CHC6Hb 

I + Br2 

H0C=0 

3 4 

Bromine adds mostly to the ends of the l,2,5,G-system, but some 1,2- 
dibromide is formed. Hydrogen and compounils of th(' HA type, con- 
taining hydrogen activated by adjacence to an unsalurated grouj), add 
to the 1,2,3,4-system. These addends appear in the final products 
attached to the 1- and 2-carbon atoms; the addition, however, is doubt- 
less conjugate followed by ketonization. 

Kohler and Helmkainp, ilnd., 46, 1018 (1924;; Kohler and Dewey, ihid., 46, 1207 
(1924). 


C6H6CHBrCll=rCinkC6H5 

1 

1I()C={) 




TJNSATURATION AND CONJUGATION 


691 


a-Cyanocinnamic ester contains a crossed conjugated system 
including a carbalkoxy and a cyano group. The addition of the Grig- 
nard reagent i)rcsumably takes place 1,4 to th(^ system containing the 
cyano grouj), but the evidence for the; location of the — MgBr group in 
the addition i)roduct is not conclusivt;.'® 


C«H5Cn=CC02C2lT5 


CoIItMgBr 
IIX ^ 


(C6H6)2CHCHC02C2H6 


CN 


CN 


Quinones present a more complex picture than the substances here- 
tofore considered since the presence of a si'cond carbonyl group intro- 
duces additional complications. In many respects quinoncs resemble 
tilt! unsaturated l,4-dik(' tones which art! to be considered shortly. In 
the quinones there art! two indi!pendt'nt and four dependtmt conjugated 
systems of four atoms each, and two long conjugated systt'ms of six 
atoms each, in addition to two carbonyl groups and two olefinic linkages 
that may function indepentlently of each otluT. Tht' isolatitm of all the 
compounds ftirmed in an addititm react itin involving a quinone is usually 
very difficult; not tiiily is tht! reaction mixture composed of addition 
products but also there art' substances resultingfrom oxidation and reduc- 
titin reaetitins. Quintme adds brtnnine stepw'ise in the 3,4-pt)sit.ions, form- 
ing quintine tli- and tetrabromitles. Phenylazidc, diazomethane, and 
the tlient's alsti add in the 3,4-positions. On reduction hydroquinone 
results; the hytlrtigt'ii is ftiund on the oxygen atoms as a result of 1,6- 
atldition. All quintint's, regartllt'ss of the tlistance between the carbonyl 
groups, adtl hytlrogen at the t'nds of the conjugated system. Substances 
having active hjalrogen atoms (nitromethane, maltmic ester, and the 
like) also add to quinoncs, but a complex niLxturt' of products always 
results. 

Perhaps thi' most interesting addition reactions of the quinones are 
thos(! in which l h(! adek'nd is of the type HX. Hydrogen chloride yields 
mainly a chlorohydrotiuinom'; aniline forms a mono- and a dianilino- 
(juinone.i*® The formation of tho.se })roducts is readily accounted for by 
assuming that 1,4-addition first takes place; the intermediate [A] has 
an a(!tive hydrogen atom which undergoes onolization to give the sub- 
stituted hydroquinone fB], which is then oxidized by a molecule of the 
original quinone to furnish a substituted quinone [C] while the oxidant 
is reduced to hydroquinone. Although a .scicond molecule of HX could 
add in several ways, actually it adds in but one way to furnish [D]. 

Kohlor and Rcimor, Am. ('hem. J 33, 333 (1905). 

'“'Suidu and .Snidn, Ann., 416, 113 (1918). 
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The succeeding steps to the disubstituted quinone are a repetition of the 

preceding sh'ps. 





0 

II 


OH 

1 

OH 

1 


II 

/^\ 


A 



CH CH ny 

II II 

CH CH 

CH CH 

Quinone 

II II 

^ 

1 11 

> 1 II 

> 

CH CH 

CHX CH 

CX CH 




\c/ 

V/ 


II 


II 

1 


0 


0 

OH 

1 



[A] 

[Bl 


0 

0 


OH 

0 

II 

II 


1 


/^\ 





CH CH 

CH 

c:hx 

CH CX . CH CX 

II |l -> 

il 

1 ^ 

li 1 - 

— > II II 

CX CH 

CX 

CH 

CX CH 

CX CH 


\c/ 

\cA 


II 

1 


1 

11 

0 

OH 


OH 

0 

ICl 



[Dl 



The addition of hydrogen cyanide ivS unique; two molecules of the 
reagent add, but in the resulting dicyan ohydrocjuinonc both c 5 "ano 
groups are on the same side of the benzene ring. The explanation is as 
follows: the first st('p resc^mbles th(‘ s(*heme outlined above, a mono- 
cyanoquinone C' of type C resulting. This substance, howevc'T, contains 
an alternate conjugated system involving the nitrile group, to which hy- 
drogen cyanide will add more readily than to the system C'=C — C=0 ; 
rearrangement of the hydrogen atoms leads to the dicyanoh 3 ^dro- 
quinone.^^^ 


0 O 


li 

/^\ 

il 

A\ 

OH 

1 

CH CH 

CH CHCN 


II II 

11 1 - 

CH C— C=N 

CH C=C==NH 

1 

\ 

\c/ 

II 

\c/ 

II 

OH 

0 

0 


C' 




Allen and Wilson, /. Am, Chem, Soc„ 63 , 1766 (1941). 
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Long Conjugated Systems 

The unsaturated compounds considered so far have contained, with 
the exception of the quinoin's, no more than two conjugated double 
bonds arranged in a continuous chain, and they have presented the 
possibilities of 1,2- and 1,4-addition. When three conjugated double 
bonds are arranged in a continuous chain tlic possibilities are more 
numerous; 1,2-addition at each doubU' bond, 1,4-addition to either of 
the two conjugated systems, and 1,6-addition at the ends of the long 
conjugat'd system. With more than three conjugated double bonds 
arranged in a continuous chain the numter of possible mocU's of addition 
is still greater, but such systems are not common and for the most part 
systems containing three conjugated doubk^ bonds only will be dealt 
with. Hydrogen, bromine, malonic ('stx'r, the Grignard reagtait, and 
phosphorus pent achlorid(^ have Ix'oii repoi'txid to undergo l,?i-addition, 
wlu're '«>4, but this tyi)e of addition to the ends of long conjugated 
syst,('ms is c.ommon only with hydrogc'n. 

The terminally jilu'nylated dieiu's on reduction with metal combina- 
tions add but one mole of hydrogen, and the addition is always at the 
ends of the conjugated s 3 'stem.'“** 

C6IIbCII=C1ICII=CUC1I=C1ICcU6 + H 2 

C6HbCH2C1I=C1IC11=C1ICII2C6Hb 


On cataljiic reduction with one mole of hydrogen these polyenes give 
mixtures of unattacked and comijk'tely n'ducc'd material; tin; niduction 
to i)h('nyla1ed pai-affins is, of course, complete when sufficient hydrogen 
is list'd. A singlt' example of l,G-addition of halogen to a polyene has 
been reported; 1,3,5-hexatriene furnishes a 1,2-dibromide in the absence 
of hydrogen bromide and a l,G-dibromide in the presence of hydrogen 
biomide.’^* 

CII..,==C11C1I=C11CII=C1I2 + Br2 


/' 


JlHr pre.spiit 


CH2BrCH=CnClI=CHCir2Br 


\ 

11 Br absent 

CH 2 lirCIlBrCH=CHCH==Cll 2 


The other addition reactions of the polj'ones are either 1,2 or 1,4. 

Certain unsaturated l,4-dike(()nes furnish, on reduction, mixtures of 
saturated 1,4-diketones and furans. Since saturatt'd 1 ,4-diketoncs are 

Kuhn and Wiutastein, llch. Chim. Ada, 11 , 123 (1928). For a general discussion 
of the preparation, properties, and leeetiona of the phenylatcd polyenes compare Hrlv 
Chhn. Ada, 11 , 87-151 (1928). 

Parmer, Laroi, Switz, and Thorpe, J. Cliem. Soc., 2937 (1927). 
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known to furnish furans on dehydration, the formation of furans on 
reduction may proceed by way of the saturated ketones. It has been 
shown in several cases, however, that unsaturated 1,4-diketones can be 
reduced to yield, principally, furans under conditions such that no 
appreciable conversion of the saturated ketones to the furans takes 
place.-®® This affords convincing evidence that the rciduction of un- 
saturated 1,4-diketoncs proceeds through 1,0-addition and that the 
resulting dk'nol [A] may either rearrange to the saturated dik(!tone [B] 
or eliminate water to form the furan [C], probably via a monoenol.-®^ 

C6lItCOCH=CHCOC6HB + ^2 -* 

rC6llBC=CHCH=CC6ll5 

1 1 

OH OH 

lA] [B] 


CcHBCOClIaCH-COCsH^ 


CH CH 

!l II 

CsHbC CCbHb 

\)/ 


By analogy with the unsaturated 1,4-diketones, a l,? 2 -addition of 
hydrogen may be as.sumed to take place in the notably easy n'duction ot 
a number of long conjugated systems which terminate at botli ends in 
oxygen; 1,6-addition in the reduction of maleic acid and its analogs, 
o-phthalic acid, the para-quinones, and many vat dyes; 1,8-addilion in 
the reduction of terephthaldehj^de, mucoiiic acid, and terephflialic acid; 
and even higher types of addition in the reduction of i)olynuclear 
quinones. In the examples just cited then* is no direct evicUmcc* for the 
type of addition assumed, but the reduction of orfho- and 7 >nm-dinitro- 
benzene to the nitrosonitrobenzenes, under conditions such that metn- 
dinitrobenzene is not affected, does constitute evidence for 1,0 and 1,8- 
addition of hydrogen.-®^ 




0 

+ H2O 


I.utz, ./. Am. Chem. Soc.. 61 . 3008 (1929) ; Lutz and Ueveley, ibid., 61 , 1854 (19.39) 
Lutz and Kibler, ihid., 62 , 300 (1940). 

Meisenheimer, Bcr., 36 , 4174 (1903). 
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Returning; again to the unsatiiratod 1,4-diketones, it is to be noted 
that the addition of reagents other than hydrogen is 1,2 or 1,4, but never 
1,6. Halogen, as usual, adds 1,2 to the cthylenie linkage. Halogen 
acids add 1,4 to the system C=C — C=(), and the addition products 
serve to establish the mechanism as 1,4-addition with hydrogen entering 
the molc(Jule at an oxyg(Ui atom. Both e/.s- and /ra^i.s'-dibenzoylchloro- 
ethylenes [A] add hydrogc^n chloride in (Jiloroform or ether to give 
mixtures of meso and racemic dibenzoyl(*hloroe thanes [C]. Th(^ ratio 
in which the chloroethanes are formed is dc^pc^ndent on the conditions 
under which the addition is carried out and not on the configuration of 
the starting matcnaals. Both the mrso and rac(anic chloroc'thanes are 
stable under th(^ conditions obtaining in the addition i-eactions so that 
there is no isomerization due to the reagents. Th(\se apparemt stereo- 
chemical inconsistencies can 1)(^ interi)ret('d on the assumption that 
l,4-additi()n of hydrogen chloride tak(\s pUu^e to form thc^ enol [B], 
for in this process the stereoisominism about the ethylenic doul)]e bond 
in the starting material is destroyed. Tie enol can then ketonize to 
form the chloroethan(\s, and the ratio in which the chloroethanes are 
formed will be dc'peaident on the conditions under which la^tonization 
takes place and ind(‘pendcnt of the configuration of the chloroethylene 
usc'd. Th(' enol [B] may also lose a molecule of water to form the furan 
[D]. When the addition of hydrogen chloride^ is carried out in alcohol 
tlu^ furan [D] is obtained, and this, since the chloroethanes [C] are not 
converted to tlu' furan [D] under these conditions, is additional evi- 
dence for ],4-addition.‘^^ 


C6Ti5COCH=c(ci)C()Ccii5 + nci -> 

[cis and trani>] 

!A1 

/ 

CCl— CCl 

II II 

CeHsC CCells 

\o/ 

[Dl 


(\H!,C()CHC1C(C1)==CC6Hs 


[B] 


HO 


CGHsCOCHClCHClCOCeTIs 

[///£'*■» and racemu*] [Q] 


The addition of the Grignard leagent to unsaturated 1,4-diketones 
furnislies 1,4- and sonu'timos 1,2-addition products. Thus, dibenzoyl- 
('thylene and plienyhnagni'sium bromide give desylacetophcnone,'^®* 
and phenyldibenzoyiothylene with the same reagent furnishes bidesyl 

’"’Lutz iind Wilder, J. Am. Chrm. Soc.. 66, 1193 (1934). 

Lutz and Tyson, iliid., 66, 1341 (1934). 
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and tetraphcnylfuran.*”* The persistence of the second carbonyl group 
unattacked through these reactions is presumably to be acesounted for 
by the formation of a magnesium derivative of the cnolic form. 


C6HbCOCH=CHCOC 6II5 — C6HBCOCnCH2COC6TlB 


IIX 


C6H6COC(C6ll6)=CHCOC6TlB 

HX 


CbIIb 


CbUbCOCH— CHCOCbIIb CgHbC 

II + II 

CbHb CbHb CbIIbC 


-CCoHb 


C^CbAb 

V \ 


Contrasted with these examples of 1,4-addition is the reaction b(!tw(en', 
dibenzoylstilbene and the Grignard reagtait which furnishes only 1,2- 
addition products.^®® 

Cinnamalacetophcnone is representatives of long conjugated systems 
made up of two ethylenic linkages and a terminal carbonyl group. Thes 
reaction between cinnamalaeetoi)h('none and phosphorus pc'iitac'hloride 
is considered to be 1,6-addition, but here, as with l)enzalacelophenone, 
the mechanism may be replacemeuit of the carbonyl oxygen by chlorine 
followed by a migration of one chlorine atom.^®^ 


C6H6CII=CHCH=CHCOC6TIb + PCIb 

C6H6CHC1CTT=CIICH=C(C1)C61Ib + POCl., 


Malonic ester and toluenesulfinic acid'^”^ add 1,4 to cinnamalaceto- 
phenone. Addition of the Grignard nsagent is likewise 1,4.-"'' 

CJh 

CcTTr,MKBr I 

C.H6CH=CIICII=CIICOC6lU — - . CcIGClI=ClICHCIl2C()CoIIt, 


In fact, l,G-addition of the Grignard reagent has bcsai found to tak(s 
places only to one group (jf substances all the members of which may be; 
considered to be analogs or derivatives of fuchsone.^"® 

Hahn and Murray, ibid., 36 , 1484 (1914). 

206 Vorlander, Ann., 345 , 218 (190()). 

Kohler and Reimer, Am. Chern. J., 31, 1(>3 (1904). 

208 Kohler, Ber., 38, 1203 (1905). 

209 Julian and Magnani, J. Am. Chem. Soc., 66, 2174 (1934); Julian and Colo, ibid. 
67 , 1G07 (1935) ; Julian and Gist, ibid., 57 , 2030 (1935) ; Julian, Cole, and Wood, ibid., 67 
2508 (1935). 
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CH3 



0 OH 


All other attempts to secure 1 ,G-addition of the Grignard reagent have 
been unsuc(iessful, and {!arli<’r claims of 1,0-addition have not been 
substantiated.^*’® 

A relative.ly wdde variety of doubly unsaturated acids and (;sters 
has be('n available, and from the study of their addition reactions many 
interesting results have been obtained. TIk' nature of the products of 
partial (catalytic reduction of these acids and ('sters is still controversial. 
Foi- certain reactions dihydro nduction products have been described 
but not always confirmed.®” Differences in experimental conditions and 
in the nature of the (catalyst may a(;count for the divergent results so 
far reported. At one time it. was believe'd that the addition of but one 
mole of hydrogen to a doubly unsaturated acid or ester always gave 
mixture's of unattae'ke'ei mate'rial anel ce)niple^te'ly reduceei produe'.ts.®”* 
In conti'ast with e-atalytic reductie)n, se)dium amalgam usually gives 
a mixture eef dihyehe) de'rivatives whie-.h may be aeicounted for by 1,4- 
and 1 ,rt-addition. Sorbie- ae-id furnishc's twei isome'ric dihydro derivatives 
whe)se structures have been establishe'd by synthe'sis.®^® 

CH3CII>CH=CnCIT2C02H 

ciT 3 Cii=cncii==ciico 2 ii + 112 + 

cii3cn=cncii2CH2C02n 

/3-Phenylsorbic acid gives a mixtuie of analogous dihydro preiducts.®^^ 

CH.3CH2CH=CCn2C02H 


cn3cn=cnc=(^HC()2n + ih 


Cells 


Celle 

+ 

cn3CH=CHcncii2C02H 


CaHe 


''“Meiakat atiel Kiiapp. R' J'-. 779 (19:U); Fivniior and Galley, J. Chem. Soc., 430 

(1932) ; Fanner and Hughes, ibid., 304, 1929 (1934) ; Fanner and Hughes, J. Soc. Chem. 
Ind., 63, 131 (1934). 

Ingold and Shah, .T. Chem. Soc., 885 (193.3). 

®'®Huekcl, “Theoretisehe Gmndlagen der organischen Chemie,” Akad. Verlags. 
Leipzig (1931), Vol. 1, p. 340. 

Burton and Ingold, J. Chem. Soc., 2022 (1929). 

Kuhn and Holler, Ber., 66, 1203 (1933). 
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a-Phenylmuconic acid furnishes 23 per cent of the 3,4-dihydro product, 
the balance of the material und(!rgoing complete reduction, and a- 
methylmuconic acid gives 80 per cent of the 1,4-dihydro acid.^*^® 

H02CCH=CHCH=CC02H 

Cells 

H02CCH2Cn2CH=CC02lI + II02CCH2CH2Cri2CIIC02H 

Celle CeHe 

H02CCH=CHCn==CC()2n -^> H02CCIl2ClI=CHCHC02n 

I I 

CHa ClIs 

A number of esters of the malonic tyi)e hav(‘ been added to thd 
doubly unsaturated esters. The mode of addition viulos markedly 
using a single addend and a series of un,sal.uiated estxas. The yidds 
reported arc nont; too accurate because of ('xj)erimental difficultic's, 
and in .some cases not all the stalling material can be accounted for. 
The results using malonic ostia* are shown by the following reactions.* 

CH2=CnCH=CIIC02R Cll2CH=ClICIl2C02R 1,0-additioii 75% 

Cn(('()2R)2 

CH3CH=CHCH=CIIC02R 

CnsCHCH^CIICHoCOoR l,6-additi()n 80% 

I 

CI1(C()2R)2 

Cll3Cn==CIlCHCdl2t'02R 1,4-addition 10% 

I 

CH(C02R)2 

CH3CH==CIICH=CriCII=CHC02R -> 

Cn3CHCH=CIICll=CIICIl2C02R 1,8-addition 10% 

I 

CH(C02R)2 

CH3CII==CHCn=ClICHCIl2C02R 1,4-addition 67% 
CH(C02R)2 

C6H6CH=CIICH=CHC02R 

C6H6CH=CIICHCH2C02R 1,4-addition only 

I 

CH(C02R)2 

Kuhn and Michel, Bcr., 71, 1119 (19iJ8). 

* A summary of earlier work together with new experimental data on l,G-addition is 
given by Kohler and Butler, Aw. Chem. Soc., 48, 1036 (1920). Compare (a) Farmer 
and Healy, J. Chvm. Soc., 1060 (1927); (/>) Farmer and Mehta, ibid., 1610 (1930); (c) 
Farmer and Martin, ibid., 900 (1933). 



UNSATURATION AND CONJUGATION 


699 


Cinnamalmalonic ester adds two moles of maloinc ester.^i* This 
can be accounted for by 1,6-addition of one mole of the addend followed 
by a shift of onci hydrogen atom to furnisli a new conjugated system 
which adds a s(^cond molcciule of malonic ester in the 1,4-positions. 


C6ll6CH=CIICn=C(C02R)2 + CII,(C02CIU)2 Cc1UCHC1I=CIICII(C02R)j 

illCCO^CIIda 


CIIfCOjCHa)^ 


i 


CcII/pHCn^iHCHCCOiR)^ < C«H,CIlClIi.Cn=C(C02R)2 


cii2(co2cn3)2 


i 


H(C02CIl3)2 


ilI(C02CII,)2 


Two moles of hydrogem cyanide can also be added to cinnamalmalonic 
ester, and in this rc'aetion l.h(> primary 1, 4-addition product can be 
isolaU'd.-” The addition of the; second moh^ of hydrogen cyanide is 
1,4 and involvc's the cyano group. 


noN 

C6ll5ClI=CIlCII=C(C02R)2 - — CtllBClI=CHCIIClI(C02R)2 

I 

CN 

CeUBdloClI— CHCIICCO-R)-. < - -- CoHBCn.>CH=CCH(C02R)2 
CX CN CN 


The addition of the Grignard roagcnit to th(i doubly iinsatiiratcd 
esters iiev(*r furnishes ],()-addi1ion })roduets. The most favoraldc ease 
is /3“Vinylacrylie (‘sU'r, and this substance is first converted to a ketone 
\vhi(*h tlien underg(K‘s only l,4-additi()n. 


CH,=CIICH= 


CcUaiMKHr 

CJlCOuR - - CIT, 

HX 


CHCII^CHCOCoHs 


c, 


IIX CoIIiMgBr 


CII,=C1ICHCH2C0C6H5 


CbHb 

The reluctance of the Grignard reagent to undergo 1,6-addition is 
characteristic of most addends, for, with the exception of esters and 
hydrogen, the great majority of r(>agent-s whicli undergo 1,4-addition 
to a,|8-unsaturated esters and carbonyl compounds undergo only 1,4- 
addition to the analogous doubly unsaturated systems where 1,6- 
addition is a pos.sibility.“^’* In contrast with 1,4-addition, which is one 
of the commonest modes of reaction of conjugated systems, 1,6-addition 
is unusual. 

Meerwein, Ann., 360 , 325 (1908). 

Duff and Ingold, J. Chern. ^>oc., 87 (1934). 

Ingold, Pritchard, and Smith, iind., 81 (1934) ; Kohler and Butler, J. Am. Chem. 
‘Soc., 48 , 1036 (1926). 
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«-Phcnylmuconic acid furnishes 23 per etail. of the 3 , 4 -dihydro product, 
the balance of the material und(Tp:oinp; coinj)]<'te leducition, and a- 
methyhnuconic acid gi\’es 80 pin- cent of tlic 1 , 4 -dihydi-o a(!id.“‘® 

H02CCII=CHCII=CC02H 

C'cTTo 

IIOaCCIToCIIaCH^C'CIOoTT + IlOaCCHaCITsCIIsCTICOoII 

I I 

Cf.ll6 Cells 

H02Ccit=chch=( ’CO 2 I r — > ii02C'( 'ii.c i i=chchco2H 

I I ’ 

ciis cris 

A iiumbcT of esters of tli(' nialonic t 3 ’p(; }ia\'(' Ix'cn ad<l('d to the' 
doubl.y unsaturated esters. Tlu' mode of addition A'ark's markedly 
using a single- addend and a serie-s of unsaturati-d (-slers. ddu- yields 
reported ane noTie too accurate- be-e-ause- e)f (-xjx-j-ime-iital diffie-edtie-s, 
and in somee case-s !H)t ;ill the- staiting mate-rial e-aei bo ace-oimfe-d fe)r. 
The results using maleenie- e-ster aie- shown by the- fe)llo\\ing re-aclieens.* 

CII,>=(TIC1I=CJIC()..R -> (Tl2CJI=(TI(TT2C02R l.ti-adelitiem 7'/;;, 

! 

Cll(C()d 02 

CH3CH=CHCII=CITC'02R -> 

tT[;:CllCJl=CHCTI.,C 02 R 1 ,G-ae]eliti()n 80% 

(TI(C()2R)o 

Cl l 3 ( ;i i=c 1 1 ( ' 1 1 { ' J I ..C '0,11 1 ,4-aelelition 1 ()%'■ 

('II(C02R)2 

CIl3ClI=CllCH=CTIClI=rnC()2R 

CI]3C11CH=C]ICIT=CT1C'JT2C02R ],8-atlelitie)n KK;' 

cii(c;()2R)2 

CH 3 CH=CH( TI=(4T( TICTT 2 ( ■O 2 R 1 ,4-adelilie)n (>7% 

i 

cn(C( > 211)2 

C6H6CII=CHCTI=CIIC()2R -> 

C6n5CII=CnCIIf!n2Ct>2R 1,4-addition only 

I 

CH(C02R)2 

Kuhn and Mie-he-l, Ucr., 71, 1110 (1‘WS). 

* A sumiriaiy of eiirlior work togothor with now oxporiniontal dnta on 1 .0-acldition is 
given })y Kohl(;r and Jhitlor, ,/. A???, (hem. Sor., 48, lOliO (192(i). C’oinparo (n) Fanner 
and ITcaly, ,/. (lum. Soc., ]0(‘)0 (1927); (/>) Farmer and M(‘hta, ihid., 1010 (1930J ; (c) 
Farmer and Martin, ilnd., 900 (1933;. 
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Ciniiamalnialcinic ester adds Dvo moles of maloiiic; ester.'-^® 'riiis 
can be aeeouiited for l)y l,()-addil,ioii of oiu' mole of the addend followt'd 
by a shift of otu! hydrof^en atom to furnish a new et)njugated sysban 
which adds a sc'cond molc'cnh' of nialonic estc'r in t he l, l-j)ositions. 


CelIsCH=CriCH-^C(CO,ll), + CII,(C02Cllj):! C6Jb,CIlClI-=ClICII(CO2l02 


CIItCO.CITs)^ 

] Cn2(C( )2<’Il3)2 

CoTI/IIIICHsCIIClltCO.H)^ <— 
(!fII(CO,Cfb)2 


CllfCOjCIIals 

i 


CJTaCnClUCII-^CtCOsR)^ 

CIJ(C02CIl,i).. 


Two ni()l('s of hydrog('n (‘vaiiido can also bo added to (*innaTnalmaloni(* 
(\st(‘r, anei in lliis ri'aciiou tlic' j^i'iiiiaiy 1,4-addition ])r()duci^ can l>o 
isolated.*^’' The addition of tlu^ s(a*ond inok' of hydro^xai oyankh^ is 
1,4 and involv(\s tlu^ cyaiio p'oup. 


nrx 

CkHbCTL=CllClI=C(C()T02 > 


Col 1 rX^U=C 1 KTTCI r (COoIO 2 


CVJUCMJoCdT- 

! 

(W 


ClKdI((H)oT02 

(W 


^ IK ’N 


Co]l5CH,(Mr-KTdl(COoPv)2 

I 

(b\ 


The addition of t}i(‘ (Irignard r(‘a^(‘nt to the doubly unsaturatx'd 
('st(‘rs n(‘V(‘r furnishes 1 ,t)-addition products. Tlu' most fa.vorabl(‘ (‘asc 
is /i-Aanyla<‘iT]ic (‘st('r, and this substance, is first ('onvorted to a k(4one 
wliich tlicn underg(K‘s only b4-addition. 


( d 1 .,=---C IKd I ( T),K 


(’,.Ui,MKHr 

JTX 


Clb>=CIKMI=CHC()Ccn5 


IIX 


C\.iroMKBr 


CIIo^CIICUCIIoCOCcHg 

CVJIb 


Th(' r(4uctanc(' of th(' Grip:nard reagicad. to undergo l,G-addition Is 
characteristi(* of most addtaids, for, with the c^xception of esters and 
hydi-ogen, the great, majority of reagents which undt'rgo 1,4-addition 
to «,i3-unsaturat(Hl (\st(a*s and cai’bonyl comi)ounds undergo only 1,4- 
addilion to the analogous doubly unsaturatiHl systems where 1,6- 
addition is a possibility.-*^ Jn (*ontrast with 1,4-addition, which is one 
of the commoni'si modes of rea(*tion of conjugatxKl systems, l,G-addition 
is unusual. 

216 Mec'rwoin, Ann., 360 , 325 (1908). 

Duff and Infold, J. ('hnn. Soc., S7 (1934). 

Ingold, Pritcliard, and Smitli, ihid.. Si (1934) ; Kohler and Butler, J. Am. Chem, 
Soc., 48 , 1030 (1920). 
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INTRODUCTION 

The term polymer was introduced into organic chemistry by Ber- 
zelius^ more than a century ago to designate the mon) compk^x of two 
substance's having identical composition but differing in molecular 
weight. Thc'rc' was no idea of any othea* relation between the two sub- 
stances in this d(‘fiiiition. In later years, the tc'rrn polymerization (‘ame 
to be applied to thc^ process of s('lf-addition of unsa.tui*at(^d compounds 
to give products which appeair to have the sanu'. composition but 
multiple molecular weight. The t(‘rms polymer and polymerization are 
now us(h 1 almost- exclusively in connection with very-high-molecular- 
weight- com])ounds. 

The careful study of pohuners or macroinolecules which has b(‘(‘\i 
going on for about the last twenty years constitutes one of the important 
dev('lopnu'nts of modc'rn organic chemistry. 

It is now known that f('w, if any, addition i)olyni('rs (macromok'- 
cules) have exactly the coni])osition of the monomers fi'om which th('y 
are formed. The process of s(df-addition is usually int('rrupt('d by th(^ 
addition of one or more fonagn mok'cuk's giving tca’ininal grou])s which 
are ver}^ different in composition from tlu' monouKU*. Th(‘ classical 
work of Staudinger and Luthy- on the jKdyoxynu'tliyk'nc's illuslraU'S 
this possibility. Wduai f(jrniakk‘hyde polyiiK'rizc's, lh(‘ jcaicliori may be 
interrui)t(‘d th(' addition of water to yi(‘kl JK )[( Tl 2 (-)]„H, methyl 
alcohol to give (TI:HO[(dl 2 ()]„II, (‘tc. Carotlu'rs’ woik on ])oIyestei-s 
and polyamid(‘S has bj'ought thes(^ polyuKa-forming reactions to the 
attention of chemists. Tli(‘se i)olym(Ts dhlVr markedly in coni])osition 
from the reactants which })i*oduce thean because of the loss of some* small 
molecule such as water during lh(‘ir foi’inatioji, yc‘t sued reae'tieais seem 
best described as polymerization i)rocesse‘s.'’^ 

Pejlyrru'rization reactions are‘ inteaanolecular ce)mbinations that are' 
functionally ciepabk* of {)re)ea'eding inelefinite'ly anel thus may the'em'tic- 
ally lead to mok'cuk's eff iinliiniteel vsize*. Pedyinea’s e*an be' classifieel as 
addition pejlyine'rs and ce)nele'nsatie)n fxdynie'rs. The' aelelition polymers 
are formed by inte*rmok*cular re*actions e)f the' ine)ne)inei'ic units withemt- 
the elimination of any atejins e)r gremps. Thus vinyl chle)riek' (I) e*e)in- 
bines with itself to producei ixdyvinyl chk)riele (11). In writing the 

Cll2=CITCl -> — [ClloCdlCl],— 

I II 

^ Berzelius, Jahresher,, 12 , 04 (1833). 

2 Staudinger and l.uthy, Hdv. Chim. Acta, 8, 41 (1925). 

^ Carothers, J. Am. ('hcvi. *Soc., 51 , 254s (1929;. 
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polyinor as in stnictino 11, no indication is given as to what is at the 
ends of this polymeric chain, (.^oiuh'nsation polj'iners are producc'd 
by reactions which involve' (‘limination of some simple molecule' betwe'e'n 
two functional gioups; such ivactieens are e'sterification, anliyelriele' 
fe)rmatie)n, amide formatiem, aldeel conele'nsation, etc. The' se'lf-este'r- 
ificatiem of e-hyelroxyetaproie aciel (111) serve's to illustrate this tyi)e'. 
Thei reactieen be'twe'e'U a elibasic ae-iel anel a glye-eel runs similarly. The-re' 
are' also (ease's which se'e'in to be hybrids between ihe'se two fundanu'ntal 
types (se'c p. 7()S). 


aTIOCllsCIlat I jCTl ..(Tl.COdl 

1X1 

lIO[(’Il,('lht’]I,(’Il,('li,t’0..]„II + (a— 1) 11,0 

IV 

lleact.ions of the type's indicated lead to high-mole'cular-we'ight 
chains or liiicdr mole'cules wliich have' a characte'ristic rcctirriiuj unit. 
The character of this unit is a factor of great imiiortance' in determining 
the nature of the iiolymer. 'Phe' physical projicrtie's of line'ar polynu'rs 
are re'lated to their molecular size' and to the nature of the rec.urring 
units. It is at once rathe'r evident tliat in a synthe'tic linear polymer it is 
not like'ly that each individual jeolymer chain will be exactly the same' 
le'ngth as every ofhe'r chain. Hence', a synthetic iiolyme'r will not be' 
strictly a che'inical individual from this point of vie'w. The natural 
jiolyme'rs do not have the wide variations in avemge chain le'Ugth which 
are' charaete'i'ist ic of the synthe'tic polymers. 

There are' many po.ssible' polyfunctional re'actions, and some' of tlu'se 
le'ad to products which are not line'ar. The we'll-known e'sterification of 
glycerol by phth.'dic anhydrieh' to produce' a polye'ster (Y) is an example 
of the' formation of a Ihrrr-dinicuKional polymer. 

Such a thre'e'-dime'usional polymer as this is alwaj^s insoluble, infu- 
sible, and generally intractable'. There' are all gradations Ix'twe'en the' 
true line'ar polymer and the' thre'e'-dimensional I.Ylie. The cross-linlud 
]>oh/mrr.s hav'c properties falling be'twe'e'U the two ('xtre'me' case's. They 
are usually less soluble than the' linear e'sters but may swe'll with solvents, 
whi'i-e'as the' tiue three'-dimcnsional polymer is usually entirely unaf- 
f('ct('d by solvt'uls. 

Se'lf-addition re'aehions of such compounds as the 1 ,3-dkmes may lead 
to eomi>l('x ('ross-linke'd iiolymers. The' rubbe'r mole'culc produced in 
the' living plant. (\T1) is apparently made' up of isoprene units (VI) 
joiiK'd in the 1,1-nosit ions. 
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,C0 


/ 


\co 


O + C’llj— CII— CH 2 

on ill ill 



-CX)0— 

-C()OCII,riK’HA)OC- 


o 


COOCXIXXICII. 

I 

o 



r,CIT-.=C— CH=(’1T2 -> - [CII 2 — ( =CiI 


C’lls 


Cl I;, 


\ I 


vri 


HowevLT, wlien a dicaio of Ihis typo is pf)lyiH(‘nz(Ml ia tlio lal)orat()ry 
bolli 1/2- and 1,1-addilioiis may ooour. Tli(‘ fiisl pi-odiiot is ap})an‘ntly 
a lin(‘ar polymor wilL ()C(*asional vinyl sido (*liaiiis (\dll), in tiiosc^ 
butadioiie units which have polynuaizc^d in the l/2-i)()sitions. This 


^,CH,=Cdl— riT=(dT, -> 

— (CH 2 — C]T=(dI -CMI.). --((dlo— CdT),r-dCdl 2 - Cdl-H ( II ) 

I 

(;ir 

II 

il 

Clio 

VIII 

polymer may undergo furtlun- read ions lo give eomjili'x cross-linked 
structures. 

In addition polyrni-rizalions two diffi'rent mononu'ric units may 
interact to give a polymca’ chain containing both units. Such polymers 
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arc known as copolymers. The bosf-kiiown ('xaniplcs of this type of 
polymer are the various “Vinylite” i-esins (XI) mack* from vinyl cliloride 
(IX) and vinyl acelalcc (X). The.; Ic'rm copolymer has not bc'cii com- 
pel b=CII + yCTL, -Cl I - -(COI,(TI)„--(ClI.,(^n )b ---(CILCII), 

I I II I ' 

Cl OCOCUb Cl OCOClb Cl 

IX X XI 

monly applied to the* condc'nsation polymers, but it might bo used for 
such a substance as a ])olyester made from two or more dibasic acids 
with one or two j)olyh 3 ’dric alcohols, etc. 

Anothc'r type of pol.vmerization r(*action that is somc'times encoun- 
tered is the copol.vmc'rizalion of two uiisaturated molecules, one of which 
does not normall^^ undergo addition j)olvm(‘rizati(jn. Thus maleic 
anh,ydrid(' (XI 1), which alone* does ncjt pol^unerize, will coiiolymerizc! 
with sjjTcne (XIll) to give a liiwar polymer (XiV). Such a poljuner 
has bc'cn calked a liih t u'jHthpocr.* 

[CIl - Cll— CH— Clla],— 

CO CO ('fills 
XIV 

In coiuk'iisatioii ])ol 3 'm(*rs the cud yroups arc* the functional grouyis 
of the origined reacting inolecadc's. Thus, if a h.yclrcjx,v acid is cc)nvt*rted 
to a polj’cstc*!', the* pcjl.vmer will have* a h 3 'drc)xyl grou]) at one c*nd of the 
chain and a earl)ox 3 'l grouj) at the c)thc*r. If two re-acting mok-cules such 
as a gl 3 col and ;i dibasiee acid are* use*d, the end groups may* be* h 3 alrox 3 d 
and ceirboxyl, two hydroxyls, or two carboxyls, de*pendiug on the ratios 
of the re-actants. 

In addition polymers the* end groups are less w(*ll known. They 
ma3f be parts of the- catal 3 *st use*el to initiate the; re-action (p. 775); 
they may* re*sult from a dispreiportion of re-acting clijuns; thf*y* may come 
from a reaction be'twe*e*n growing chains and impuritie*s in the monome-r 
or solvents usc'd for tlie* re-action. In the past the end groups have 
usually be*e*n writte*n as hydroge*n and a double- bond; for the present, 
howe*\rr, it is jerobably wise-st not. to jettempt to indicate end greiups em 
most, vinyl polyune-rs. 

It should be* realized that not all reactions be*twe*cn bifunctional 
molecule's will proelueu* use-ful polyme*rs. To give products with a 
oiolecular weight, high e-nough to make the* polyme*r use-ful, the reaction 
of formation must be* one whie*h {)re)cee*ds smoothly and in excellent 

< W'agnor-Jaurogg, Ucr., 63, IJUia (1930). 


ClI-- - ClI + ('fill;C]i=-CH2 — 
I I xill 


CO CO 



XII 
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yields. In general, any reaction which gives yields of less than 90 per 
cent between simpk^ nioh'cuk's can he overlooked as a useful polymer- 
forming reaction, d’o obtain macromolecules, ckrm-cut reactions with 
few possibilities for side I'eactions ane e.sse'ntial. 

The older literature is full of references to tarry side ])roducts and 
insoluble residues when bifunctional or polyfunctional reactions were 
carried out. In the early days of the scientific development of the 
polymer fic'ld, the orthodox organic chemist called tlu^ polynK'r chemist 
a student of “gunks” and indicated that the purity of his products was 
far k'ss than that demanded in ordinary synthetic work. Actually 
nothing can b<' farther from the truth. To obtain useful high-molecular- 
weight. products it is ('ssential that starting materials have an extremely 
high dc'gree of purity, often far above that of so-called analytical purity. 

Tlu're is another type of rather large mok'cular aggregate which is 
sometimes d('scribed as a jiolymer. Certain organic mok'cules such as 
ethyl alcohol and acetamide which contain active hydi'ogen as hydroxyl 
or aniido hydrogens and donor atoms such as oxygen ;ind nitrogen arc 
rather firmly joined tog(‘th(‘r by hydrogen bonds. TIk'sc products are 
really polymeric in nature, but t.luy differ markedly in stability from tlu' 
polyn)('rs in which the units are held t()g('th('r by covakmces. Th»' 
polyiiK'rs held tog(‘thcr by hydrogem bridges usually hav(' tlu' clK'inical 
reactions of the monomer although th(' physical properti('s (boiling 
point, melting point, solubility, (‘tc.) are out of line with those predicted 
for the monomer. Tlu'se may b(' called u.s.s'ocm/hn/ polym.ert!. 


CONDENSATION POLYMERIZATION 

Condensation polymers may be produced from a great variety of 
polyfunctional compounds. Cenc-rally spc'aking, any rc'action betwetm 
simple functional groups may be adapted to jxdymer formation. There 
is no essential difference between a (iondensation reaction which produces 
a polymer and a similar reaction which produces low-molecular-weight 
molecules. However, to obtain satisfactory polynx'ric products, tlu^ 
reactants must be pure, they must be us('d in tlu; prop(“r ratios, and the 
reactions must take place almost q\iantitativ('ly. 

In the following page's the synthetic polye'sh'rs, j)()lyamides, poly- 
sulfides, ur('a-formald('hyd(i conde'nsation products, phenol-formalde- 
hyde condensation products, polyeth<!rs, polyacetals, polyanhydrides, 
and a few other miscellaneous condensation polymers will be discussc'd 
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Polyesters 

The polyesters first ])('came tecliiiically important as alkyd resins; 
later they were studied from the theoix'tieal standpoint. The' discussion 
of these esters will not follow their historical development. 

Hydroxy acids will undergo self-esterification to produce tlu' sim- 
plest type of polyesters, but glycols and dibasic acids, or polyglycols and 
polybasic acids, giv(^ th(‘ same type of reaction and produce correspond- 
ingly more compl(‘x products. 

With bifunctional inok'cules, ring formation will compede with linear 
polynKT formation. Caroth(Ts*‘ has pointc^l out that under the usual 
reaction conditioiis a fiv('- or six-memb('r(‘d ring w ill usually form when- 
ever that is possibles Jn all oIIkt cases polyinca- formation is the' favorc'd 
reaction. JIow(‘V(‘j*, special cortditions may alt<'r the (*ourse of a n'ac- 
tion. Thus Kuggli"* has d('monstra,t(‘d tlu', valiui of the high-dilution 
princi])le for ])rodncing hirg(^ lings. The a])p]i(‘ation of th(\se j)rinciples 
can b(\st Ix^ d(*monst rat(‘d by a discussion of ])arti(*ular cases. 8tru(;tural 
feature's in the I’cacting units may also affect tlie balance ])et\veen ring 
formation and ]>olyin(‘]‘ foiauation. 

Polyesters from Hydroxy Acids. Wlu'n any hydroxy acid 
110((T-L>),^C( EH (('X(*(‘])t a. /it-hydroxy a.(*id) is IuxiIchI with or without 
a catalyst, s('lf-(\sterifi(*ation ])roc(‘(‘ds. Th(' natures of tlu' ])roduct 
depcTids on the' distance* Ik*! we'cii the* hyelroxyl group anel the* e'arbeixyl 
grou}). 

In the* e*ase' of o'-hydrejxv aciels (I), sedf-e\sterification usually ])re)eluce's 
a laedide* (11) although lin(*ar e‘sleTs (III) are kne)wai. Cdycolie^ ae*id 
(I, R = II) on geaith' lu'ating is saiel to give glycoliele^ (II, R = II). 
The cyedic e\s1e‘r on heating with a trace*, eif zinc (diloriele is e*onve*rte‘d to 
a linear pe)lye‘st(*r (III, R, = li). Distillatiejii unde*r iveluceHi ])re‘ssure 

CHR 

/ \ 

0 (’() 

1 I no— [CI1RC02]„— H 

OC O III 

\ / 

(UlR 
11 

causi's the polyiistor to n'vert to the cyclic csIct.® Lactic acid 
(1, R = CHa) gives lactide (II, R = CHa) at 150°,' but. uiidiT other 

‘Rugfili, Ann., 392, i)2 (1912). 

' Biac'hoff and Walden, Her., 26, 2G2 (189:}) ; Ann., 279, 4.5 (1.S94). 

’ BiBchoff and Walden, Ann., 279, 71 (1.S94). 


11 

I 

HO— CHCOJI 

I 
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conditions Dictzel and Krug; ^ liavo obtained a linear polylaetic acid. 
Lactid(i lu'aU'd at 250 275° for Iwo hours is eonvcTtc^l into a linear 
polymer with a mol(‘eular weig;ht- of about oOOO.^ If a catalyst such as 
potassium carbonate is i)r(‘sent this transformation occurs at about 
140-150°. 

^-Hydroxy acids usually lose wat(T to give (Yj/^-unsatiu’ated acids so 
readily that- s(41~(‘sterifK!ation d()(‘s not o(M*ur. If, howi'vc'r, substitution 
prev(mts dehydration, heat coinx'.rts (S-hydvoxy a( 4 ds to linear polyiiu'rs; 
thus )iydn)xy])iva]ic a(*id ( 1 \') giv(‘s a ])roduct (V) with a- molecular 
weight of about (iOO (//, = about- 0),^^ l)ut considerable decomposition of 
the monomer into formaldehyde and isobutyric acid accompanies this 
reaction. 

CII 3 C^lTa 

I I 

ITOCilo— C— (XloTT -> HO " [CII2— (;— (^OJ.—TI 

0113 C\\, 

IV V 

7 -lIydroxy acids, such as 7 -hydroxyl )uty lie acid (^d), rc^adily give 
the 7 -lac-ton(\s which ai‘e veiy stable. 7 -Butyr<)lacton(‘ (VII) has Ihvii 

I10(CII,)3(H)2]1 (4Io(TI,(TI,(^() 

VI I I 

I o 

Ml 

heated to 80° with and without catalysts for as long as t\\(4ve months 
without the formation of a det(‘(*t.abl(‘ anaaint of jiolyinei*.'^ 

6 -Hydroxy acids also ix^adily giv(‘ 6 -lacton(‘s, but tli(‘se six-nuanbered 
lactones often change sjiontaiu'ou.sly into tlu' linear ])oly('sters. Fichtf'r 
and Beisswenger observed that 6 -val(*i'()lactonc‘ (VllI) gradually 
bec-om(\s thicker and more viscous on standing and finally yi(‘lds a solid 
polymer (IX) vith about s('ven recairring units. It sedans ])roba-l)l(‘ that 

ClIoCJI.ClKCU.CO II0[C]I,(MT,CIloCiroC02]7TI 

I 1 

I 0 1 

Vlll 

some trace of watia’ or a(*id is ncaa^ssary for this naiction t-o take jilacca 
t'aroth(a-s, Dorough, and Van Natta**^ found that llu' molcHailar W(‘iglit 
of the polymer varied with the method of i)rc‘])a-rataon and obtained 

« Dietzcl and Krug, 58, VM)7 fUllin). 

®(-arothers, Dorough, and Van Natta, ./. Am. Chnn. aS’uc., 54, 701 (19, S2). 

Blaise and Maicilly, Hull. soc. vhnn., [al 31. 308 (1904;. 

Inchter and Beisswenger, Bvr., 36, 1200 (1903). 
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values from lOGO to 2240 (10 to 22 monomer units). Hollo found that 
substitution on the o-earbon atom d(‘ereases the ease of hydrol^^sis of 
o--laetx)n(‘s and also tiie ('as(‘ with which tluy i)()lymejize. 

WIk'u th(i hydroxy] is in llai epsilon }K)siti()n, Itic-tone formation is 
not (he usual behavior of a straight -chain hydroxy a(*id, but 8ul)stitution 
in the carbon (‘Jiabi may ha\’(' a favoralde infiiKaice on ring formation 
and prornoU* lactonization. Thus, (bhydroxyoctanoic- acid (X)^^ and 3,7- 


CTl,(4HCMI((TIo) 4C()olI 
OH 

X 


(J1 1 1 Kd I (C4 1 0 2C HCH 2CO oH 

II I 

H3C OIL CIl3 

xr 


H()(OI 10 r,CO‘JT 

XII 


ilO[(t1l2);.(4jo]Jl 

XJll 


dinu‘thyl“G-hydr()xyoctanoic acid (XI)^^ give hn*lones when luaited. 
(>-iIydroxyca])roic acid (XIl) givers a lactone at 150 210°^^ but tf'nds to 
])(dyin(‘riz(' at loO*^ to giv(' a liiK'ar est('r (*ontaining aJxnit 35 mononu'ric 
units (XI 11). ()nc(‘ tli(‘ lin(‘ar (‘ster is ])rodu^‘(‘d ihcro is v(a\y little 

t{‘ii(l(‘ncy tor it to d(‘()()lym(‘i*iz(' to giv(' the cyclic monomeric lactone, 
although a fourt(‘(ai-m(‘uibei‘(‘d dilact-fine (XI \') is producixl in small 
amounts. 

(C1L>)5— CO 

I 1 

0 0 

1 I 

CO— ((’]Io)5 
XI\ 


AVh(‘n th(' h}'droxyl is fartlua* from the carliox^ l than the G-j)Osition, 
only linear jn'odurts ai(‘ ol)tain(Hl on luaiting tli(‘ aeid. Chuit and 
]b^us^c'^‘ hav(' piH'pannl th(‘ .^ah's of hydroxy acids (XV) with n having 
values of 7 to 20 and conv(‘rt(‘d llKan to tin* corre^sponding linear poly- 
(‘sters (X\T). 

HOCCIbj.CCLlI I]()[(Cn2)„C02]xH 

XV X\1 


Sabinic^ acid (12-hydroxydodecanoic acid) and juniperic acid (IG- 
hydroxylK‘xad('canoic a(‘id) hav(' betm isolatc*d from conifers, and it has 
becai sugg(‘st(Hl that they exist as linear i>olyestei*s in the natural state. 

Hollo, Her., 61, sea (U)L>S). 

and Kodilci, Contpt. nncL, 148, 1772 (HHiy). 

1‘OV‘ioyor and SfuftVjt, JUr., 32, aiiU) (1X99). 

If' Van Natta, Hill, and ( aioUiors, ./. Am. (^hnn. Snc., 56, 455 (1934); 68, 1S3 (1930). 
^^'(dnnt and Hanssci-, IJdr. ('him. Acta, 12, 4(>3 0929). 

’M-loiiKault and IVan’dan, ('ompt. rend., 147, 1311 (19()S); J. pharm. chim., [C)] 29, 501 
(1909); [OJ 30, 10 (1909); HoiM^canlt, (hid , [7J 1, 4:15 O910»; [7] 3, 101 0911); Compl. rend. 
150, 874 (1910); nonj^aidt. and Cattdaiii, ibid., 186, 174() (1928), 
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Lycan and Adams pf(‘pai (^d n s(a*i(^s of hydroxy ac*ids of type XV in 
which n was 8, 9, 10, 11, and 12. 10-Hydi oxyd(H*-anoic acid polymerized 
with heat to give a polyiiu^r (XVI) of a molecular weight of approxi- 
mat(‘,ly 9000. Self-esterification of the hydroxy acid by hc'atiiig a Ixaizcme 
soliilion containing a little p-tohuaiesulfonic acid ga\ e a polymer having 
a lowT^r molecular weight (about 2500). These poly(‘sters weix^ shown to 
contain hydi’oxyl and cxirboxyl end groups. They gave sharp x-ray 
diffraction patterns. 

Larg(' lactone rings can be prepaixHl by self-esterification of the 
hydroxy acids undcT (‘onditions of high dilution. Iluggli ^ first suggested 
that a reaction which normally hxl to j)olymei*ic products could be made 
to yield a cyclic- pi*oduct if the distance IxdwcH'ii tlu^ diftcTHait molec'ules 
mad(‘ gnxatcT than tli(‘ distance* betwexm the two caids of oih^ mole- 
cule. This dilution effc'ct cuts down intcanioleHailar redaction. By adopt- 
ing this technique, high yields of su(*h laedones as those*- e)f to-hydre)xy- 
pentadecanoic acid Inux* be‘e*n e)b(aine‘d.’'‘ Onee the\sc large e*ye*lic 
lactones are obtainexi, they sliow little te'nde'uey te> re'arrange) te) the^ 
lme*ar ])e)lyniers unle‘ss he'atexl with e*atalysts.‘^’ 

Ruzicka and Stoll -^* ha\'e ])re*paixxl the* sim])l(‘ la(*tone.*s (X\dII) e*e)n- 
taining foui’teen to eight(’(*n nu'inbe'rs in the*- ring by e)xidalion e)f the 
eorre'spemding cyedic ke*te)iie‘s (XVH) with (Yu‘e)’s acid. This reaxdion 


(CH,),CH) 

XVTT 



XVI IT 


evidently does not inveilve* cenivea-ting the* e*ye*lic ke‘-t-e)iie*- te) a linear 
intermeeiiate*. 

In general the line^ar pe)lye*st(‘rs which have be*e'n pre'par(*el from 
hydroxy aciels are* white* pe)wek*rs, se)luble in many hot organic solv(*nts. 
Their molexailar weight vark*s, but. it. never approache*s the* value*s 
obse‘rveel feir the higher pe)lystyre*ne*s. The* re*ase)ns fe)r the* eximpara- 
tively low meilecular we*ight of the* product may be feiunel in the n'lation 
betwc'en the nature eif the ])e)lyme*rizatie)n anel the* e‘xperime*ntal ceiii- 
ditions emple)ye*d."^ The mae*re)me)le*e*ule may be* built u]) through suc- 
ce‘ssive couplings resulting finally in leing chains. The reacliein is reversi- 
ble, however, and a large numbe*r eif fae*te)rs are iiiveilve^d. The (*qui- 
librium may be displacexl by the* r(*moval of thej wat(*r as it is formed in 

Lyoan and Adams, J. Am. (hem. Soc., 51 , (i25, 3450 (1920). 

Stoll and Rouv^, Hclv. ('him. Acta, 17 , 1283 (1934). Stoll, Rouvo, and Stoll-Gomte 
ihuL, 17 , 1289 (1934). 

Ruzicka and Stoll, ibid., 11 , 1150 (1928). 

C arolhers and Hill. J. Am. (ihem. Soc., 54, 1559 (1932). 
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the reaction; this Avould Laid to direct tlie reaction to completion, 
ILirmal completion of the jirocess would obtain when all the small 
molecules were combined into a single' mok'cnle. lOster intc-rchansc' 
may also be ('ffoetive in producing large molecuh's. This has b('en 
demonstrated in the transformation of di-(;e-hydroxyethyl) succinate 
into a liiK'ar polyester under th(‘ infhu'nci' of luait. 

Factors which may influence the ujiper limit, of molecular size an' 
the possibility of ring formation and accidental mutilation of the L'rminal 
groups. Experimental ('vidence seems to show that ring formation 
does not occur to a significant exL'iit exci'pt undi'r certain wc'll-ch'fim'd 
conditions, although in certain cases dinu'ric products of a cyclic nature 
have been observed.^’ Tlu' mutilation of ('iid groujis, as for example 
loss of carbon dioxidi' from a caiboxyl grou]), does not occur excejit 
under extreme thermal conditions, and even then coujiling might still 
proc('ed through a j)rocess of ('st,('r interchange. In many cases small 
traces of impurities in the acids may l.)e tlu* chi('f cause of sto])ping tlu' 
reaction. 

Th(' failure of th(' reaction to pr(K;e('d to the formation of very large* 
moh'cules is ascribed liy C'areetJu'rs and Hill*' to a combination of cir- 
cumstances. The con c( 'll t ration of ri'active* grouiis beconu's n('ce.s,saiily 
very low as tlu' reaction procee'ds, and the viscosity of the ('ste'rs increase's 
continuously, d’his op('rat('s to di'crc'ase thi' mobility of the moh'cuh's 
and decreases also the rate* of diffusion of volatile jirodiu'ts, such as 
water, to the surface. Also, macromok'cuUes in ge'iK'ral show a pro- 
nounced tendency to retain dlssohcd or adsorbed liquids. This may 
be due to their exagge'rated molecular cohesions.'-’’ It,, then'fore, would 
be reasonable to expect that a more' <'fF('eti\(‘ me'ans of re'nuning A'olatik' 
ju’oducts would k'ad to higher-molecular-ve'ight jiroducts than those' 
hithe'i’te) eibse-rve'e!. I’lu' use* of a mok'cular still has jiartially fulfilk'd 
t.he'.se e-einelitions, aiiel suiiea-peilye'sters have be'e'u eibtaine'el.'-”’ The 
same' re'sults have bc'e'ii ae'hie'\'e'el in a. k',s.s('j’ ek'gre'e* by jireilonged he'ating 
of the lowe'r polye'ste'rs in thin laye'rs in a nitreige-n stie-am, eir by bubbling 
nitrogein through the molte'ii e'sters. 

The' linear polye'ste-rs eif low mok'e'ular vve-ight (usually in the' neigh- 
borhoeid eif 3000) are mie-reMa-ystalline' powde-rs which elissolve re'aelily 
in chleirolorm to .Auelel mobile solutieins, and have alre'aely bee'ii ek'- 
scj'ibed. The; supe'rpeilyeste'i’s (those of mok'cular weight 1 2,000-2, '),000) 
are luirder and much temgher when prepare-el in a massive state'. In 
cold chleiroform they dissolve very slowly with a iironounce'd swelling, 

Carothers and Van Natta, ihuL, 65, 4714 (1933). 

Dnnkcl, 7j. phijf^ik. Chem., A138, 42 (192S). 

Carothors and Hill, J. Am. Chim. *Soc., 54 , 1557 (1932). 
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and their solutions are quite viscous. Their structure is undoubtedly 
that of a long polymeric chain. 

The polyesters from co-hydroxy^decanoie. acid, HO(CrT 2 ) 9 COOH, 
have been examined carefully.- Molecular wciiglits have l)een observed 
varying from 780 to 25,200 (h'pcaiding on the conditions of i)olymeri- 
zation, the higher values n\sulting from the most drastic treatment. 
The melting points vai'ied from 60-07° to 75 80°. TIk^ mol(H*ular 
weights were obtaiiu^d by^ titration with standard alcoholic, potash of 
the polyesters dissolved in a chloroform-al(*.ohol mixtiu’e. riKmol- 
phthalein was used as the indicator. The lowin’ value's wc'ri' clu'cki'd by 
a boiling-point method and 1h(‘ liiglii'st by^ the use of the ultracentrifugin 
The masses r(\sulting from crystallization of the molten polyn^shn’s wi'rc' 
opaqiK^ solids. The lower imniibers were waxy and brittle'; the' highe'i* 
members were harder and so horny^ and tough that they" coulel se*ar(^ely^ 
be fractured. 

The i)olyesters of mole'eailar weight, le'ss than 10,000 elissolved 
rapidly anel completei.v in colei chloroform or Ixnzc'iK' and in hot. 
acetone, ethyl acetate, and ace'tic acid. Th(\v we're' practie*all\^ insohil)l(' 
in hot alcohol, ligroin, or water. The higiu'st nieinlx'is showe'd a 
diminished solubility. At about 110° the first nunilx'i’ of the s('i‘i('s 
was a highly viscous liquid while the highe'st nu'inlx'r was a trans])are‘nt 
resin. 

The properties of tlu'se* e'sters with regard to fj))er formation have' 
beem examined.-’"^ It was fe)und that by melting or dissolving in 
chloroform they could b(‘ spun into liben’s. The tilainents weie' opaeiue' 
and fragile, but unde'r the influeiK’C of a le)ngitue}inal strc'ss thew unde'.r- 
went elongation anel then remaiiK'd ])erman(‘ntlv (‘xtc'nde'd. This ])roe*e'ss 
was accompanied })y a loss ejf e)pae*ity" and an ine*n‘as{' in te'iisile stn'ngth 
and {)liability\ Examinatiem by^ x-rays showe'd the'- ])re'se'nc*e‘ of fibe'r 
orientation. The strongest anel nie)st. highly e)rie'ute'el fibe'rs we're' 
obtained in tlie^ case of a>-hyxlre>xyxle'e*ane)ic- ae'id fi’oni the', este'is e)f 
approximates mede'cular wedght. 17,()()() 20,()()(). The'se' we're^ the fiist 
e'xamples of synthetic material in the' fe)rm e)f fibe'rs whie-h pejsse'sse'd any" 
considc'rable degree of strength, e)rie'ntatie)n, anel pliability. 

It has thus bex'n fejunel pe)ssible te) produe*e' le)ng, straight-chain 
polyesters of varying molecular weight, in which the re'curring unit is 
of the type — 0 — ((Tl 2 )/j — CX) — . Thosei ae*ids whieh may fe)rin five- 
membere'd cyclie*. (\ste*rs {n = o) ele> ne)t. form liiu'ar ])oIyme'rs, l)ut. always 
assume a eye', lie*, form. The)se ae*iels ca])able* e)f forming six-me'ni])e'reel 
cyclic este'i’s she)W a A'cay curious prope'rty, i.e., the^ ability to ])e)lyme‘iize? 
and depolymerize in a rather smooth, re'.vei’sible fashion. "This phe- 
Carothers anei Hill, ibid,, 64, 1579 (1932). 
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nonienon is coniiocted with Ihe ease of hydrolysis of the ester and, like 
hydrolysis, is hindered l)y a-sii])sliliien1s. This pi-ocess jnobably lakes 
place throu^li an ('.sti'r-interchan^o mechanism although small amounts 
of the fn‘e hydroxy acids may be involved. Both forward and reverse 
reactions are catalyzed l\y acids and bas(\s, typical cstc'i-inU'rcliange 
catal3^sts. The reasons for this behavior pi-obably lie in stereochemical 
factors: rings of six atoms are strained slightly (or may pass through 
positions of strain), and this strain (*an Ix' relievcxl by the formation of a 
linc'ar molecule', through estcT interchange. The de'.polymerization is 
possible by n.'ason of th(‘, high probability of the close' a])proa(‘h of atoms 
in evejy sixth position in a (‘hain.'^ 11 h*s('. conc'cpts are based on the 
Sachse-Mohr the'ory of ring structure's.-^* It is worth noting that the 
re'V(‘i-si])le' polynien-ization of six-nK'nibeTC'd rings dex's ne)t oceair in the 
lact aju serie.'s. 

In some cases the* line'ar polyest,e‘rs ele'rivexl from llu'. higher hydroxy 
aciels ]nay be depolyme'riziHl by the action ol lu'at and an e'ster-inter- 
change e*.atalyst to maiiy-me'mlx're'd cyclic monomers and dijuers; the 
re've*i*se' proex'ss may also lx‘ e'arilexl out in se)me instanex's."'’ This 
d(‘|)olyme‘j*ization has Ixxai iiux'stigat.exl for a numlx'r of ])olyestei's of 
this class, and it, has Ixx'n fonnd that, de‘]X)lymerizations of linear ]K)ly- 
(‘stea’s fi’om aciels sue*h as 10-hyelroxyde*e*ane)ic ae*id (XIX), bbhyelre)xy- 
triele‘ca,noi(^ acid (XXH, and 1 l-hyeire)xyte'iradee‘anoie^ ae*id (XXII) 
yie'lel botli monomers (XX) and elimers (XXIII). These dei)olymeri- 


IK)((dl,),r()()lI 

XTX 


ii()(ciiv) cjCooir 
XXI 


iio(cir,)i3C()oii 

XXII 


cn,(CTbo,(M;) 
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Gir,-~-(CIT.>)n— CO 

1 1 
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1 1 

(CII,),— CHa 

XXJII 


Zillions arc iiccornplishcd l)y hoatin}!; Iho ])olyoster ivith catalysts such 
as magiicsiuni chloiidi' or slannous chloride to a temperature of 270 ° 
under 1 nun. ju-c'ssurc. The 3'iclds of monomer arc rather high and 
constitute iinothcr synthetic method for the production of macrocyclic 
Lictotu's. It is interesting to note that the ratio of monomer to dimer in 

Sacliso, Bir., 23, l.'Ki.'f (ISOO): phimh'. Clwm., 10, 203 (1892); Mohr, J. inakt 

Chnii., [2198, aiT) {191S); 12] 103, 310 (1922). 

”1H11 iiml (hroth.TS, Am. Clu m. Bor., 55. 5031 (1933). 

Spiinagol jmd C’aiothors, ihid.., 68, G54 (19.‘U>). 
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ease XXII was 15 to 1 while for compound XIX the same ratio was 
0.17 to 1. 

This curious effect illustrates the greater ease of ring formation in 
the case of laj'ge rings as compared with those of intermediate size.^^ 
It may be that the ('ff(x*t. of hydrogcai ])locking proi)()sed as an addendum 
to the Sa(*hs(vJ\lohr theory by Stoll and Stoll-Comte is still partially 
active in the small ring. 

Polyesters from Polybasic Acids and Polyhydric Alcohols. These 
polyesters are usually n^fca’n'd to as alkyd n^sins. Wlum both the acid 
and alcohol are bifunctional, a linear polyester is jn'oducc'd. Higher 
functionality in eithcT th(‘ alcohol or acid leads to th(‘ formation of 
thr('e-dinunisional polymers. Tlussc' are r(‘f('rr(‘d to industrially as h(\at-* 
non-convertible and h(‘at -convertible tyi)es, res])ective] 3 \ 

Linear Polyci^tcrs. The sini])lest dibasic acid is carbonic acid, and 
a numb(T of ])olyineric carbonates hav(‘ Innai pre])ared.‘'’ Th(i 
simplest of the glycol (\st(M‘s, ethyhaie carbonate, is well known and 
exists as a mononna-ic five-membered ring (I).^- The higluT caihon- 


0=C 



N)— Clio 
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O 

!| 

lH>(CIh). -[0('^()((TIo)J,-~-01I 

II 


ates may Ix' ])repared by an est(a’ interchange^ bedwexai the^ glycol and 
ethyl or butyl carbonate, a ri'action which pi‘oc(H'ds snioothl}" in tiK', 
presence of a (*ata.lyst such as medallic sodium, (llycols of the' type^ 
HO(CH 2 ),iOH have been (‘inidoyed in which n ranged from M to M and 
also wdiere = 18. The nudhod of ])reparation indi(*at('d a structure 
shown in II in wliich the chain was jirobably opeai and tlu^. terminal 
grou])s Avere eat her hydroxyls (from the' glycol) or carbethoxy (as from 
ethyl carbonate'), '^rrime'thylene e*arbe)nate' is of jiarticular inteax'st. It 
may exist e'itlu'r as a me)nom(*ric six-meanliere'd ring e)r as a linear i)oly- 
ester in which x is 88-45. InteTexmve'rsion of the', forms w\as fe)und to 
proceed readily under the* influene*e' e)f he'at anel e*atalysts. This pe'.culiar 
behavior e)f six-membe're'd rings has be'en neite'd pre'viously. These 
straight-chain polyeste'rs were jiowders, with the exe'e'ption of lu'xa- 
methylene'. carbonate., wdiic'h wais obtained in the form e)f tough, elastic 
flakes. The^y WT.re seduble in chloroform, but insolubles in waiter and 
alcohol. X-ray diffraestieiii patterns showc'el desfinite evidence's of crystal- 

Garothors and Hill, {hid., 55 , 5043 (1933). 

Stoll and Stoll-Corntc, Hdv. Chnn. Acta, 13 , 11S5 (1930). 

(’arotbers and Van Natta, J . Am. Chem. *Soc., 52 , 314 (1930). 

Vorlandcr, Arin., 280 , 180 (1894). 
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Unity in all cases. An attempt was made to force depolymerization of 
these linear esters, and it was found that, iind(‘i' the influence of heat 
(temperatures betwcMm 200-300^) a-nd an est(M*-int(M*chan^e catalyst 
such as sodium, both polynKuization and its levei’sc^ could be effected. 
A numb(T of monomeric and diimu-ic cy(*lic. estx'rs were obtained. 
Monomers containing rings of scnaai to twc^Ivc^ atoms w('re especially 
difficailt to o])tain, a fact, whic^h is in Imeping with the Saclise-Mohr 
theory*^® in its modified form.-*’’ 

A numbcT of oxalic* acid glyc'ol c'stca-s ha.vc^ Imhui prc'parc^d and studic*d 
by Carothers, Arvin, and Dorough.-**^ JOthylene oxalat.e (III) was 



OC Cl I, 



III 


]I()(CTro),d()(^()C()O(Cll,)n].r0II 

IV 


l)reparc*d from C‘thyl oxalate and elhylciu' glycol, and was found to 
c'xist in sc*vc']*al forms. The six-mcinbc’rcii cycTic* inoncjmci* (111) wiis 
obtainc'd from distillation of the* iKilymcT (IV, n == 2) in vnciio. The*, 
monomc'r is macTocryslalline and may be hjairolyzcil vc'ry rc*adily. It 
is jiartially transformc*d on standing into a ])()wdc‘ry, niic‘rocrystaHine 
polymer (IV, n = 2). TIjc* c*liangc* is a.c*c‘c*lc*ratc‘d by moderate* hc‘at and 
cat.alyz(*d by acids and alkalic\s. The* polymc'r hycliolyzc\s c‘aMl.y. It was 
obtaiiic'd in tw’o diffci’ent forms, one melting at, l.Y)° and the c)thc*r at, 
172"^; the* le)A\e'r“m('lting mate*rial is more* solulile than the* otlu*r variety 
and lias a mole‘e*ular W'e*ight. of alxiut 2-100. The* otliea’ is probably a 
liigher form. Sanif)lc*s e.)f inte'rmc'diate* melting ])oints se,em to be 
mixture*s of these forms. The polymers show' some lenek*ne*y to depoly- 
merize s])ontaneously. 

Other oxalates ])repared wTre the* propylene*, trimethylene, hc'xa- 
methyle*ne, and de‘camethyle*ne esters. The* pre)j)yle*n(* est-(‘r w'as found to 
e*xist l)otli as a monomer and a linear polyme*r w'hich were int-erce)nve*rt- 
ible by heat. Polymerization was le*ss rapid than in the case* of ethylene 
oxalate. The thre*e othe*rs wa*re polyme'ric forms wliie*Ji resembled the* 
linear polyesters pr(*viously obtairu*d. Tliese* wiiite* powal(*rs wa*re sub- 
je‘cte*d to depolymerization conditions and monomers of the higlie*r 
esters W'ere obtaine*d,"'^ while a dimea* of trinielhyle*ne oxalate wxis found.^^ 
Othe*,r c^ste*rs of tJiis ge*neral nature*, have be*eu prejiareal,’^'^ including 

C ’arothcM's, Ar\in, and DoioukIi, J. Am. (Item. <Sor., 62, ,‘1292 (1930). 

C’arothors and Arvin, ihid., 61 , 2500 (1929). 
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ethyloTio malonate, ethylene succanate, triinelhylene succinate, ethylene 
adipate, trimethylene adipaU^, hexamelh.ylene succinate*, lu^xaindhyl- 
ene axlipatc, ethylene sebacate, trim('thyl(*iic seibaeaXe, decamethyleiie 
succinate*, hexamethylene se*bacate, decaiiu‘thylene^ adipate*, decamethyl- 
ene sel)ae^ate, e^thylene^ inaleate, ethylene fuinarale, e*thyle*ne* jdithalate, 
triine^thyle*ne phthalate*, he^xamethyleuie'. j)hlhalate^, and de'canjejthylene 
phthalatc. Tlu'se*. este*rs pre)bablj^ exist in tlie*. pe)lynK‘rie^ ibrm as lonp; 
chains. All of them of the type V are^ microcrystalline solids with the) 

— 0(C11,) A)C( )(C Ih) ,CO- 

V 

exe^e^ption of ethyleuio inaleaiate. The melting points are ne)t veay sharp 
and are de*i)e*nele*nt somewhat em the* j*a,te) of lu'ating. Me)li'(*ular we*ights 
vary from 2300 to 5000. All the e‘sters are* ejiiiti* \ise‘e)us when nu)ll(*n. 
The phthalate c*ste‘rs are) re*sinlik(*, anel wea-e* iH)t obtained in a e‘rvstalliiie) 
form. All the*. e*ste*rs are nem-vedatile*, and are. insediible*. e)r ne'aily so in 
water, alcohol, i)etre)leum e‘llu*r, anel e'the*!-. They aie* all somewhat 
hygrosce)pic. These highe*!’ (‘stea's may be* ele*p()lyme‘rize*d by lie‘ating at 
270® under 1 mm. i)re;ssure for seve*ral he)urs in the* ]n‘('se*nce e)f a catalyst 
such as stanne)us chloj-iele or magiu'sium e*hle)nde' te) yie'ld eyeTic rnoiu)- 
niers or dimers. This reaction affeaxls a goe)el nie‘lhe)d fe)r i)i'e'])aring 
these. 

Ethylene succinate, one e)f the simpler e*sters, was investigate*el with 
the view of dc^termining the structure.*^^ This ])olyeste‘r was ])re'pare'd 
by heating a mixture* e)f the ae*iel anel the glyc'ol anel finally I’e'inoving the* 
excess glye’ed by distillation hi vaaio. The ne'utral e‘sle'r, of me)l(*e‘ular 
weight about 3000, was she)wn to be* a linear strue*tm-e* with glycol 
hydre)xyls acting as te'rminal gre)U])s. These hydroxyls we‘i’e !iot e*ste'r- 
ifie*d by acetic anhydride, but succinic and 7 >-bre)ine)be*nzoi(‘ anhyelriele*s 
provided the (*x})ected jireielucts when the re*actie)n was e‘ari’ie*el e)iit at an 
elevated te'mpe*ratiire. The) produe‘ts had cennpejsit.ieins agre‘e*ing with 
formulas VI and VII. 

H0()C(Cdl2)2(^()-“[0(Cll2)20()CXCll.),C0]2:i— ()H 

VI 

p-BrCfilECO- [0(C3l2)200C(CIT2)/X)],,2- OiCllh.OOCCdUBr - p 

Ml 

It wii-s found that polymerization could jn'occcd by a ])i-o(‘ess of ester 
interchange, since di-(^-hydroxyet,hyl) succinate was transformed inte 

Spaiiagel and Garothers, ibid., 67, 9:^9 (1935). 

(Jarothers and Dorough, ibid.^ 62, 711 (1930). 



SYNTHETIC POLYMEIIS 


717 


the neutral pol^uncr on h(\atinp;. A iiumbca* of thc'se di-(i8-hydr()xyethyl) 
estc'rs have bec'u prepannl l)y Slioi'land by heating an excess of ethylene 
glycol witli th(' acnds at lOO"^. On wanning to 160° they polymerize 
slowly, and on healing to 2W th(\v are, coinaaled to the polycsi(‘rs 
previously obs(M‘ved. This indicates that larg(‘, m()le(*ules may be built 
up through an ester-int (a’(tha.iip;e reaction. A dimeric })roduct Avas also 
found by Carolhers ri to exist as a man^MmanbercH ring. This was 
obtained in small amounts as one of the pioducts of thermal decomposi- 
tion of the liiu'ar ])oly(‘sters. It was also found possilde to obtain supei- 
l)()ly(‘st('rs fr-om tlu'. lowca* polymers. These high-inolecular-Avcaght poly- 
ni(a*s ('xhil)i(ed llu' pi'ojxa’ty of forming libers that changed from 0})a(}ue, 
brink' filanu'nts to tra]isj)ai-('nt., oiic'ntc'd, tough fibc'rs on l.xang subj(H*ted 
to cold draving. "J'liis ])rop(‘rty does not ap])('ar until th(‘, mok'cular 
W('igh1 i’('ach(‘s about 9()()(). For a us(‘rul d(‘gr(‘e of stnaigth and pliability 
a mol('(*ular A\(‘ight of about 12, (MX) and a molecular kmgth of not less 
than 1000 A_ sixan re(iuisit(\‘'’ 

Tlie aeidit* jxdyiiu'ric (‘thyleno succinates wer(^ also i)repared. Heat- 
ing the glycol with an ('xcess of the acid pro(lu(i(‘d linear esU'rs in which 
th(‘ degr(‘(‘ of jxilynuu'izat ion vari(‘d from 0 to 2H. These esters W(U’e 
acidic in i*('actio!i^ and w('r(‘ of the gxaieral form VHT in which succinic 


ii()()c^---((diA2C()*--i()((Ti2)4;)()C(CH2)‘>co];,-“ on 

VIII 

a(‘i(l residiK'S 0(*cuj)y tlx' (Uid groups. It should be emphasized that 
liigh-mok'cular-weight ]X)ly(\st(‘rs can be obtained only by use of pure 
glycols and pine dibasic acids in exactly equimolecular amounts. It 
was tli(‘ n'alization of the importance of these two factors by Carothers 
that (*nabk*(l him to s(‘t up conditions which would produce useful 
poly<'sl(‘rs. 

T\h^. general proix'rtii'S of tlx'se linear polyesters ma}^ be summar- 
ized bri('fly. TIk'v ai’(' gcaunally microcrystalline powders of varying 
molecular w(‘ight. Adoption of a stringent reaction (uivironment results 
in th(‘ formation of sujx'rpolyesters of molecular wiughts up to about 
2r)dK)(). Certain mok'cular rang(‘s provide polymers which exhibit the 
plumomenon of cold-dr:iwing. All the polyesters are quite viscous in 
the moltcm statix A'olatility d('creas(^s with incri'ase in molecular size 
j)artly owing to the increase in intermolecular forces. In gimeral, com- 
pounds with mol(‘Cular cohesions above 7r),(K)0 calories cannot be dis- 

SIk^i hind, 57, 115 (n)I>5). 
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tilled, and molecular cohesions of the polyesR^rs, which have been 
calculated as 250, OOO to ;]()0,000 calori(is from the data of Meyer, are 
far abov(‘. this value. 

Depol^unerization can be ('ffectc'd very easily if i-lu' monomeric unit 
ester is a six-nuunbered ring, but under inorci stringent conditions the 
polynu'rs of the general type (IX) are subjected to an ester-interchange 
reaction and obtaim^d as monomers (X) or dimers (XI). The carbon- 
ates and oxalates undt'rgo this change more readily than the higluT 
acid esters. 

Il()~-(CdIo),— [00C(CII>)j,C()0--(C®2)x].— OH 

IX 


OC— 0 



oc— o 


X 


OC- O— (CII 2 V— o— 00 

1 I 

i i 

OC (('ll,),— ()— CO 

XI 


Threc-Dijiiev^io'ual PoJyeMcn^. If oiu^ of th(‘ mol(‘cular sp(‘ci(\s 
employc'd in the est(Tificat ion r(‘action contains mon^ than two func- 
tional groups, a new typi^ of ])olym(‘r r(\sults, and tlu^ pro})(‘rti(\s of these 
polymers arc totally different from the i)reviously (‘ncounter(‘d liiu'ar 
polynuTic esters prepari'd from dibasic acids and dihydric alcohols. 
As representative of the diUVrcmci' Ix^twinai the two tyj)(‘s of polynu^rs, 
the reaction products of jihthalic anhydride with ethylene glycol and 
glycerol sc'rve admirably for illustration. Th(‘ n^action of phthalic 
anhydride with (‘thykau^ glycol has been studii'd b}^ Kicaik^ and ^Iov(' 3 ^^® 
The reaction is a sim])le esterification which under Uu' usual conditions 
gO(\s V(‘ry rapidl.y at th(^ start. The number of rc'active gi'oups grows 
lower ruair thc^ end of the leaction. The acadity decrcaisc's and the mok'c- 

Time at Which Es'iekikica- 
Temperature, tion =- 05 Per Cent» 

"C. 

100 
220 
230 
250 

ular weight and viscosity rise. The dependence on tcanperaturc is 
shown in the tal)le. Th(', pol^muir is unabk) to undergo cross-linking, 

(\*irolherR and Arvin, Udd.y 61 , 2500 (1029). 

39 Meyer, Z, angcu'. Chvin., 41 , 043 (1028). 

Kieiile and Ilovey, J , Am. Chem. Soc., 52 , 3036 (1030). 


11 mutes 
1000 
220 
115 
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and the final product is similar to XII. The end groups may ))e cai- 
hoxyls or hydroxyls. The jn*operties cliangc^ slowly and continuously 
with increasing molecular size. 


r^:^COOTI 


CO- OCII.Cll^O-CO 




:ooc.n2CH200c^l 


r)COOCH,ClL()OC: 

OOC^I 


C1T> 


XII 


Wh(m glycerol is substituted for ethyknu^ glycol, a new featun^ is 
introduced. This redaction has been studi(‘(l })y Kicmle and co-workers, 
who have also inv(‘stigated (he uandion between glycerol and other 
dibasic acids such as succini(‘, adi]>ic, and s(‘bacic. Tempc'ratures 

in the neighboi’hood of 200° were (‘m})loy(‘,d. The I’eaction biMweem 
phthalic anhydride and glycerol was strongly (‘xothermic at the l)egin- 
ning and was about one-half compl(‘t(‘d at th(‘ end of on(‘ minute. This 
probably was the stage when' the anhydride wais used up and lhei*('after 
esterification involvc'd reaction of a (‘arboxyl gi'oup and a hydroxyl 
groui>. When the (‘sterification was about. 75-79 ])('r (‘(uit, c()m])l(‘te, 
gelation occurn'd. Tlu'se st(‘ps have been inU'rpreU'd by ILineP*^ and 
by Schlenker.^'^ Tlie first-stage (‘stc'rification redaction occuis with the 
o-hydroxyl groui)s of tlu‘ glyccTol, and tlu* polyest('rs foruK'd retain a 
linear structure. This is in agi-ecamait Avith the (‘viden(*e that the 


( ^ooc : I Rc; iioiicjRooc' 

1 


^^^CO()( ILCIIOIKTROOC 

coon 


o 

xiir 



a-hydroxyl groui)s of glycerol arc more reactive than tlu^ /S-h^^droxyl.'*^ 
Continuation of tJie ivaction, however, lu'cessitatc's the entry ot the 
/3-hydroxyl groui)s into ('st('r linkages. When this occurs a three- 
dimensional molcH'ule n'sults as a cons('(|U(au*(', of cross-linking: 

Kieiilo and Hovoy, ihul., 61, 5(3*.) 

Kionle, van der M onion, and Potko, ihiH,, 61, 2125S, 2208 (1989) ; Kioiilo and Petke, 
ihi(L, 62, 105:3 (1940); 63, 481 (1*)41). 

^^aionel, Kunatstofff, 21, 70, 105, i:32 (19:31). 

Schlonkor, AU^cni. Ocl- u, Ft'lt-Ztfi,, 29, 058 (1932). 

Fairhonrne and Cowdroy, J. Chern. Sor., 129 (1929). 
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COO— 

COOCTToCTICII.OOC 


OOC 

OOC 




CIT. 


f^^^^COO— CH 


U 


COO- 


COO CIUOOC 




XIV 



(^PIoO- 


Tho formation of tlu'so high-molociilar-woij^lit ilircM'-dimonsioiial mol(‘- 
cules is responsible for the gelation of tlK‘ polynu'r and gives it the 
quality of heat-convertibility. These macroinol(‘(‘ul(\s an^ ])oth infusilile 
and insolubh', and th(' degn'e to which the resin })ossess(‘s j)rop(‘]- 

ties is relabel to the nuinb(‘r of th(‘S(' high-niol(‘cular-w(‘ighl inohanih's 
which are present. An excess of phthalic anhydrides ove^r glyc(‘ro] should 
be ('ffesetive in producing a greater dt^gn^' of cross-linking, and such an 
effeed has b(‘en found, 

The properties of these iiolymers may Ix' iiiodifi(‘d by tlu^ introduc- 
tion of a monobasic acid. If an excess of ])hthali(s anhydride^ is avoid(‘d, 
the addition of a monobasic acid follow(‘d l)y heating to com])let(‘ 
esterification will rc'sult in a molecule* of the* type* (XV) which is an 



OCOR 

I 

C()OC]I,CnCTT,OOC 

COO— 


COR 

1 

I 

o 


coociToCiicn.ooc^ 

OOC 




XV 


Sugiriiolo, Rrpta. Jrnp, J ad. Research Inal.^ Osaldj J(i])an, 14 , (13) 11 (1033). 
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approximation of a linear molecule. In practice, ester-interchange 
redactions (*.ompet(^ with straight, esterification, and gelation due to cross- 
linking usually stops further redactions. 

Many modifications of this re‘actie)n exist. For example', if an 
unsaturated long-chain ae*id is used as the me)nobasic acid, the resultant 
pe)lymer may undergo a further elegre‘e' of pefiyme'rization through a 
^^elrying’^ nu'e^hanism similar to that e)bserved in tlie drying oils. In- 
corporation e)f othe'i* polyme'rs e)r plastie.ize'rs is freeiue'idly ne^cessary te) 
prodiUH' ceanmercial products of the rexiuire'd nature. 

Tlu' use of many other acids anel alcediols lias lie'en proposed. Many 
e)f th(‘S(' are.d ijoted by Fllis.'^'^ Feir exam]de, peiitne'iytlirite)! and the 
sugar al(‘e)hols, sorbitol and inannit,ol, have been e‘mple)yt'd with jihthalic 
aiihydnrl(d or otlieT aelels to preiehice plasti(*s. Wide variations are 
})ossible, ele'jie'nding e)n the ceimiiK'rcial use for wliieli the ])olymer is 
di'sigiK'd. C<ar^'e*y, Al(dxan(l(‘r, Jxi'ing, and Hednd(*rsou have inaele seiine 
rub])(‘rlik(' mixe'd polymea-s by Auilcanizing polye^thyleau' tnrti'ate by 
e‘i*oss-est(‘rifi(*ation eif its hj^droxyl grouiis with a little succinic acid. 


Polyamides 

The* polyTTK'ric nmiele's may be diviel(‘d into two classe^s in the 
same* fashion as the polye'sters. Jn one*, of the'se^ classes may be 
plae*(*d those* amide's elerive'd from amino aciels; the seeK)nd gremp will 
e*e)mi)rise‘ those yiolymers forme'd from two or more* mede‘e*ular specie's, 
as ])olybasic aciels anel j^olyfune'tional amine's. The'ir ])ropertie's and 
strue*t lire's are* in ge'ne'ral re'late'd to the* esters whie*h have alivady be'en 
discusse'd. The'ir imj)ortance, luiwe'ver, lie's in the'ir re'latiem to the 
most impe)rtant of the great groups eif naturally occurring maeTemieile- 
cuk's, the preite'ins. The e'he'iuical propertie's of the arniele* linkage, upem 
\\hich the structure of the* prote'ins is baseei, are exe'inplitied by the 
be'havior of the simpler polyme'ric amiek's. The preibk'm of protein 
structure*, heiwe'vc'r, is me)i'(' difficult than would be suggested by I'lemen- 
tary studie's of the'se* ceimpounds. Peihyx'ptide'S have often be'en pre- 
pareei in the* labeiratory, but no preitein has ever be'cn synthesized. It 
has Ix'on geiu'rally ac-ceptc'd that proteins are macromolecules made up 
of meire or less ceimplex amino acids bounel teigether through arniele 
linkages. As such, tlie'y may l)e re'garde'd as macromolecules ek'rived 
freim a mixtui’e of amino acids tlii'ough a process of condensation copoly- 
ine'rizatiem. 

Ellis, “Tho Ehoiuistry of Synthetic Resins,” Vol. 11, Reinhold Publishing Corp., 
New York (1935). 

Garvey, Alexander, Kiing, and Henderson, Ind, Eng. (liem., 33, lOhO (1941). 
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The /3-amino acids do not form polymc'rs on heating but lose 
ammonia. The' 7 - and 5-amino acids readily |)ass into llu^ corresponding 
lactams, and neither the five- or six-mean) )er(id lactams slie)w a teaidency 
to rearranges to polyniesries amieless. 

e-Aminocapre)ic acid (XI) on healing giv(‘s a mixture e)f cyeiies lactam 
(XII) and ])olyme.sr (XIII).^^ The lactam exists to Ihes exteait of b-lO 

NIl2(CII,)5C02H NiI(CIIo) 5 CO 1J[NH(CIT2)5C0].()II 
1 1 

XI XII XIII 

per cent in the equilil_)rium mixture. The ped^anesr is a white wax, 
inseiluble in most eirganic seilvemts e'xesept fe)rmic ae*id ea- {dieau)!. It is 
seduble in lie)t feirmamide, from whicli it se'parate's as a microe*iystalline‘ 
peiwde'r. The molecular weight is in the range' of 800-1200, inelie'ating 
alienit 10 units in the' eiiain (XlJl, a = 10). The' nature' of the' e'liel 
gre)ui)s is not de'finite'ly kne)wn, l)ut ])re'sumal>]y tlu' amino greiup is 
pre'sent, sinces de'iivatives with acid eiileaick's and anhydrides are' ol)- 
taineel. The polymc'r is alkali-insedulie'. He'ating this pe)lyme'r in a 
meileeailar still at 200 ° feu* forty-e'ight hours gives a distillate' e)f lactam, 
and the' residual peilymer l)e'e*e)nies harele'i* anel 1 e)ugiu'r.‘'^ Ne) data on 
molecular we'ight have lie'e'ii re]X)rt.e‘d ein this me)dilieel pre>diict. 

f-Aminohepteues aeid givc'S a iieiyme'r wlie'ii li('ate.‘el, and this ))e)lyme'r 
is report exl te) be soluble in mineral aeiels and he)t aniline, flxteuisix e* 
stueliess have shown that the higher amine) acid ))eiyme‘rs liave the' same' 
solubility as the ])e)lymer frejm e-aminoe'aproies aciel. The'y de) show 
different me'lting i)e)iiit.s. 

Polyamides from Diamines and Dibasic Acids. Amiele foiinatie)!) 
between dibasic acids anel diamine's has been reporte'el many time's in 
the olele'.r literature' l)ut the prexhu'ts received little' atte'ntieui.^’^ Se)me 
of these substance's were le)w-me>le'cular-w('ight e*ye*lie* amiele's, anel se)me^ 
we're iiifusil)le and insolul)]e, indieaiting the'ir polyme'iic nature'. 

A cU'tailed inve'stigatie)n e)f the formation of i)e)lyme'nc amiek'S fre)m 
diamine's and di])asic acids was carriexl out by C 'are)the'rs.^'^ Substantia- 
ally cquimolecular amounts of a diamine anel a elie*arl)e)xylic ae iel e)r an 

Gabriel and Maass, Brr., 32, llMiej (ISOt)) ; (aiotliers and Uoirliet, ./. Ant. ('hnn. 
Soc., 62, 52S9 (U),‘X)) ; IT. S. patents, 2,241,321 ; 2,241,322; 2,211,323 ( 1941). 

(’arothers and Hill, Am. C/nm. *SV,r., 64, 1500 (193>2). 

Manasse, Brr., 36, 13ei7 (1902); v. Brann, Brr., 40, 1S34 (1907). 

C'Jarothers, TJ. S. patent, 2,071,253 (1937) . 

Fischer and Koch, Ann., 232, 227 (ISSO); Hofmann, Btr., 6, 247 (1S72) ; Freund, 
Ber.y 17, 137 (1884); Anderlini, Gazz. chim. dal., 24, (I) 397, (1894); Btr., 27R, 403, 404 
(1894); Fischer, Bir., 46, 2504 (1913); Meyer, Ann., 347, 17 (190(‘)); Uuggli, Ann., 392, 
92 (1912) ; Bntler and Adams, J, Am. Ghent. Sac., 47, 2014 (1925). 

C aiothcrs. U. 8. patents, 2,130,523; 2,130,947; 2,130,948 (1938). 
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amide-forming derivative of the acid were heated under condensalion 
conditions at temperatun^s IxLween 180° and 300° in the presences or 
absences of a. diluent. The aniidc^s to which the greatest iiiU'n^st was 
attached w(‘re 1hos('. in wliich methykaie groups in (*haiiis of varying 
U'ugth sc'jxirated llu^ functional groups. The moleculai* wdght of the 
])roduct dei)end('d ui)on the conditions imposcHl during the reaction. 
Under i)rolong(‘d heating with suitaljle arrangcaiuaits for (‘scajx' of tlu' 
volatile' products of the (*ond(‘nsation, the' niok'cular weight ]•('ae*heel large 
value's. Ne) nu'tlioel was available' for e'xae*t e'stimation e)f tlu'se^ value's, 
but the' ranges was ve'ry pre)ba,bly of tlie same magnituele e)bse'rve‘el fe)r the 
p(_)ly('stf'i“s obtaine'el fre)ni glye‘e)ls and elil)asic aelds. The' size of the moli'- 
cu!(', lu)W('\'(']-, coulel 1)(' c'onlredle'd within limits by using e'itlier e)f tla^ 
I'e'a.ctants in slight, e'xce'ss. The' amount use'd in exe'e'ss ele'te'rmiiie'el in 
e'ae'h e*ase the e'xte'nt of the' re'ae'tiem. Siue^e' th(^ reae*tieni was e'sse'iitially 
sto])pe'el unek'r tlu'se e*e)nelitions, the' vise‘e)sity e)f solutions e)l th('. })oiyme'r 
assuuK'd a e*e)nstant Aalue that was ne)t altere'el a])])r('e.'iably em furthe'r 
he'ating. Hene*e, the e'xe'C'ss re'ae'tant- was re'h'rre'el te) as a “viscosity 
stabilize'!'” and the'se'- polyme'i’s as visn}silij-stahlc-p()Ii/mcrs. 

The' re'action may be' e'arrie'el enit in a nuinbe'i* of fasliions. One 
e'enive'iiie'iit me'thexl is to pre'[)are the salt by cennbiiiatiem e)f appre)xi- 
mate'ly e'ejual anienints e)f the' aelel anel amine'. If a suitable solvent is 
('tnploye'el, the' acid anel amine' i!iay be used in se)lutie)n anel the salt- 
e)btaine'el as a crystalline' )^i*('ci})itate‘. Siich a pi'e)ce'elure is possibles with 
lie'xame'thyle'ne'eliamine' anel aeli])ic ae*id; an ale*x.)he)l-wate‘r mixture may 
be e'm])loye‘el as the' se)lve'nt. The'se salts are re'latively invse)luble in 
ae*e‘tone', benze'iie*, anel e'the'r, but the'y are' usually soluble in wate'r. 
1 le'crystallizat ie)n e)f the' salts may be* effe*e*te'el if ne'C'cssary. The* simplest 
me'aris of obtaining the j)olyme‘r is 1e) he'at the* salt unde'r fusion cemeli- 
tie)ns (180-300°) in the* abseaie'C e)f oxyge'ii.^’’^ 

The' j)olyaniide'S so pi’e)due*e‘el geiie'rally have' high me'lting points and 
low solubilities. The'y are* usually seduble in he)t glacial acetic aciel, 
formic aciel, and j^he'iiols, but. inseduble* in the other ce)mmon organic 
solve'!! fs. llowe've'r, if siele* chains are prc'se'ut, as in the j)re)elucts from 
.‘)-nie‘thylhe'xame'thyle'ne'eliamine, /3-me'thylaeli])ie* acid, and similar cemi- 
pounels, I lie* pe)lyamiele's be'e'eane soluble in a. wide'!’ range ol se)l vents, 
ine'lueling some* ale*e>h()ls. This is alse) true ol ce)pe3lyme'i*s. The pe)l,y- 
ainiele's are* alse) se)luble' u\ anhyelrous hyelroilue)ric aciel. lle>t ae*ids sue*h 
as sulfurie* e)r hyelre)chlejrie* hyeh*e)lyze the amiele's to the ce)nipone'nt aciels 
anel bases. Stre)ng alkali will also bring about hyelre)lysis. The me'lting 
])e)ints e)f the*se ])e)lyamiele's are vse)mewhai une*e'rtain, owing te) variations 
in methods of i)re'j)aratie)n, but under the same conditions tlu'j are lairly 
Graves, U. S. patent, 2,iej5,:253 (1930). 
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sPiarp and roprodneihlo. In ^(^neraJ, the molting points deoroaso with 
increase in unit haigtli of hydrocarbon chain and with sul)stitution. 
Some of these melting points are shown in the table. 


Poi.YAMiDK From M.P., °C. 

Et.hyleno(li;i.niino; sehacic acid 254 

To1rairiethylen('diairiiiie; adipic acid 278 

TetraTn(4hylorjedia.minc; azclaic acid 223 

Pciitani(‘lhy]cncdiariiiiie; rnaloiiic acid lOL 

PontamethyleiiCHljamine; adipic acid 223 

Pontarrudhylenediarnine; a/claic acid 178 

Ilcxjiinct hylomHlianiine; adipic acid 2G3 

Hoxanicthylcnodianuno; scha.(‘ic acid 209 

Oct aniclbylenedia mine; scbacic acid 197 

D(‘caniethyleiiediarninc; oxalic acid 229 

I^iperaziiic; sebacic acid 153 


Those polyamides with a molecular weight al)ove about 7000 are 
particularly useful since^ they possess the miusual propc'rty of forming 
strong fibers. Filam(‘nts may b(' obtained from a molten mass of tlu* 
polyamide by an extrusion method. They are also obtaiiK'd frojii 
solutions of polyamid(‘s by extrusion into a luxated chambi'i* for solvent 
evaporation, or into a bath of some liquid miscible with tln^ solvent 
but a non-solv(mt for the polynuT. PIkuioI solutions of polyamide's can 
be used with an aqiK'ous alkaline spinning bath, and formic acad solu- 
tions can be used for th(' (waporation proct'ss. The filanumts are tdien 
sul)j(‘cted to cold-drawing, i.e., stretching. Uiuh'r the influence' e)f this 
stress th(' fiber become's e)ne'nt('el and take's on a high de'grec' of stre'iigth 
along the axis of the stre'ss. The oriemtation is e^videmceel by x-ray 
studies showing a fil)er diffraction patte'rn. These' fibers aie also 
optically anisotropic: a stre)ng })irefringe'nc(^ with parallel extinction 
may be obse'rved unde'r crossed Nicol prisms. d"he' exte'nt e)f ce)lel draw- 
ing may be 100 })er ce'iit or highe*r (200-250 pe'r cent); failure in e)ne^ 
instance did not occur until an ele)ngation of 452 pe'r cent. The' result- 
ing fibers are quite elastic anel tough, anel retain a high wet-stre'ngth. 
Their properties thus make them extreanely attractive from the' cenn- 
mercial point of view. Polyamide's e)f this type are calk'd ^'nylons’' 
and are being marke'te'el as fibers. The^se polyamieles are also being 
useei for the manufacture of bristles. 

There is no well-de'veloped field of polymeric amide's corresponding 
to the alkyel resins. Such (Compounds are possible'-, e)f ce)urse, but no 
detailed investigation of their properties has appeare'd. There arc, 
however, a number of naturally occurring polyfunctional amino acids, 
vsuch as lysine (I), glutamic acid (II), serine (III), and ornithine (IV), 
which on complete conde'iisation would yield branched-chain polymers. 
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Som(! of these cross-linked polymers may p(*rhaps exist in naUire, but 
they are at pn\sent unimportant as synthetic polymers. 

H2NCH2CII,CIl,CH»CnCO()lI 11 .(Xtt )H 

ISdlo Clio 

I 1 

n.NCIICOOH 

ri 

HOCIl2CIIC()()H lL>NCIl2CU2(^lIi>(^IlCC)OIT 


NH2 NII2 

III IV 

Urea-Formaldehyde Pol3rmers 

Tlio iiroa-foriTialdc^liyde n'sins ar(‘ v(‘ry iinportant sinco thoy are 
made from low-cost, raw materials, liave j>;ood llu'rmosi^ttirig propcaiuvs, 
exe(dl(‘nt color, attractive' ap])earaiic(‘, and good lile. They have 
recc'ived imicli sciemtific stiu]3% l)ut the reaction of tlunr formation is 
still not com])let(‘ly understood. Maiyv int('rm(‘dia((' products have 
been isolated and characterized l\y th(‘ iin'(‘stigators of this reaction,*^'’ 
but it is not certiiin now that all th<^s(‘ ])rodu{‘ls an' clu'inical indi\dduals 
or that they are forme'd in the normal pol^aneiization i)]‘()C(‘ss. 

It is now geiKTall^" b(diev(‘d that ur(‘a and formaldeh^ak' react 
reversibl^^ in the* ])r(‘S(‘nc(‘ of acid and basic catalysts to produce methjdol 
urea (I) and dimethyhjl urea (11). 

NlloCOXlIa + CH.O XH 2 C()XIIC’JI..On ClIsOII 

^ I 

Nil 

1 

CO 

i 

NH 

I 

cii-jOir 

II 

Cf* Goldschmidt, Tier., 29. 24aS (ISOO) ; Ilolzer, Drr., 17, 050 (ISSl) ; 18, :VM)2 (1SS5); 
Ludy, iMonaiJi,, 10, 205 (ISSO); ./. OZ/tm. 56, 1059 (ISSO); lollens, />5'r., 29, 2751 
(ISOG); Ibiuhorn, Ann., 361, 115 (lOOS) ; lOinliorii and IlamlMirsor, Her., 41, 21 (1908); 
Hodgins and Iluvcy, Eny,. (Vinn., 30, 1021 (195S); 31, (»75 (1959); Kadovvaki, Bull. 
Chrm, Soc. Japan, 11, 24S (J95(>) ; Rr/fts. Imp, Ind. Rrscarrh 7;lsZ., O.'^aLa, Ja/)an, 7, No. 0 
(1920); 13, No. 5, No. 0 (1952) ; 14, No. 0 (1955); 14, No. 11 (1954); 16, No. 0 (1935); 
Ileiimielmayr, MnmtLsh., 12, 94 (1S91); Dixon, J. (linn. Sov., 25S (191S); Schciblcr, 
a^rowtler, and Sc.holz, Z. angpw. Chnn., 41, 1505 (192S); van I.aor, Bull. sar. cJilm. Bely., 
28, 581 (1919); Staiidiiiger, Bcr., 59, 5019 (192()); Walter aiui Ocstcneicli, Kolloni-Bn- 
hcftc, 34, 115 (1951); Walter and Lutwak, ih d., 40, 158 (1954); W:ilt(‘r, Kallaid-Z., 67, 
229 (1951) ; Walter and Gewing, Kalhnd-Bnhi ftt , 34, 105 (19.51) ; Waltei, Trans. Faraday 
Boc.y 32, 577 (1950); do C4iesno, Kolloid-Bnhtflc, 36, 587 (19)^2); Redfain, Bril. Plastics, 
5. 238 (1933); Ellis, U. S. patent, 2,115,550 (1958). 
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I"urth('r hcatin^ij of ('itli('r of Ihosc^ products results in polymer for- 
mation. This may occur by d(‘hy(lration of the moiionH'rs to fi;ive 
methylcMK' (III) and dimethyUme un‘a (IV) which th(‘n i)ol3an(uize by 
an addition nK'chanism. 


Klla 

1 

N=cir2 

1 

1 

CO 

1 

CO 

1 

N=cn2 

1 

N=C]I 


HI TV 


T1k‘ dini(‘ih 3 "lene urea would l)e the const itu(*nt. of tli(' polymerization 
mixture^ whicli would cause cross-1 iiikiTiii;. More* i)robal)Iy, ho\v(‘V(‘r, the 
polymerization procc^eds ])y a st(‘pwis(‘ loss of watc'i' b(dw(‘(‘n tla^ mok^- 
cules of nudhylol and dim(‘lhylol urea. On this l)asis th(‘ dini(‘l hylol 
urea ivS res])onsil)l(‘ for the cross-linkhiji;. It is known tliat- jmMhylol 
iin'a liberat(‘S formald(‘hyd(' on heatinji!;, and this may combine with 
more methylol urea to ^iv(^ dimethylol urea. Ihmcc' th(‘ polymer 
jiroduced from pun' methylol urea as a starling material will still be 
V('ry complex. 

No strictly accurate scheme hu' this ))olym('rization n'aclion can 
be written, but th(' following may be consid(‘r(Ml a jHissible routes from 
methylol and dimethylol xirea (V) to the titial cross-link(‘d polynu'r (VI). 


rio-c%Nii iin-cil;oii iitN-ii 

CO CO "^CO 

IIN-CIL,'6lllTtN{ir\ I1N-CJI.,0II 
‘ \ \ 

n-N-II IlN~CIl,;OJd NIICH.OII 

CO CO CO 

II N- cii 2 [on " t N- cn J(^n iifAn i 

V 


-CIItNH 
“ I 

90 


CO 

IIN-CII-N 

CIT, 

-K-Il II-N 

I I 

CO CO 

I I 


NH-CIIrN-n 

I - I 

CO 

II-NCIL; 


IIN-CH.- 


NllClIr 

I 

CO 

I 


N-CH,— Nil 

VI 


Another possible intermediate is a cyclic derivat,iv(' (VJl) wliich 
could react with itself to produce' a polyme'r with the six-m('mb('red ring 
in its n'curring unit (VIII). CVoss-linking, wlu(*h can also oc.cur in this 


CO — NJI 



CIT 2 N 


CONIICII.OII 

VII 


CO- Ml 



CH. N 

I 

CO-NIT— Clio 

VIII 


OPI 
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type (IX) of in Termed would account for Ino insolubility and 
infusibility of the final polymer. Iteceiitly, it has Ijeen sugf^ested that 


CO— N— 

/ \ 

-N CII 2 

\ / I 

Clb-N C;0- -N 

I / \ 

CO-NllCn,-N CII 2 

\ / 

CII 2 -N 


IT 

N~CO 

/ \ 

c.lb N- 

\ 

CIT^-NIK'.O -N— CH, 


CO— N— 

/ \ 

CO ~N ITCH,- N 

\ ./ 

(’II 2 -N 


CO - NH— ClI, 


IX 


methylene urea (III) may trinu'i-ize (lirough th(' met liyhaie-i mine 
groups and that this trimer (X) may then naict further with formalde- 
hyde to gi\a', new luethyleiu'-imine groups which in turn form six- 


CH. 


N11,('0--M N— CON its 


Cl I, Clio 



CO 


NTI2 

X 

nu'mbei('d rings. This picture of tlu^ rcaietion account.s for the high 
degree of branching and cross-linking which occurs in tlie rc'sins of this 
tyiiii. 

Whatevm- th(' exact method of condemsation, urea-formald('h.yde 
poljmK-rs can Ix' made' wliich an' water-solubh'. Ib'at ing these produce's 
a glasslike g<'l, and furthe'r heeding gives the well-knowm product of 
commenie. The' w'at('r-soIul>le n'sins are widely u.sed in tn'ating tc'xtih's. 
Th(' jiow’df'rs are used ets molding resins. 

Anotlu'r rece'iit variedlon in the formation of the fund polymer is the 
usee of the e-thers of the' memome'thylol (XI) eir eliinethyk)! derivative's 

®^‘J. T. Thuraton, “(lieniisliy of Meliimiiie ]U*3ins,’’ Gibson Island Confcreiico on 
Polymeric Materials (1911). 
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(XIT) of urea,^'^ wliicli are easily made ])y (tarrying out the condensation 
of urea and formaldc^hydc^ in the presence of an alcohol. These ethers 


NllGIIoOR 

CO 

I 

NIIo 

XI 


NITCIT.OR 

I 

CO 

NlIClToOR 

xn 


undergo condensation j)olymerization to ])rodu(*e essentially the same 
polymers as tlu; iiK'thylol d(M*iva.lives tlu^mscdx (‘s. 

It is of interest to not('- that neither symmetrical nor iiiisymm(‘trical 
dialkyl ui*('as givci polymca-ic materials with f()rmald(‘hyd(\ With the; 
s^mimetrical derivatives (XTIJ) a ])roduct is formcal from two mol(‘cuU‘s 
of the urea and two of formaldc'hyde with the loss of one molecule of 

HNIK^ONIIR RoNCOXlIo 

XIII XIV 


water. The unsymnu'trical (l(‘ri\'alive (XIV) gives a methylene diur(‘a 
(XV). 

R.XCONIKdRNIICOXRo 

XV 


Melamine-Formaldehyde Polymers 

The melamin(‘-f()rmal(lehyde r(‘sins are similar to thosc^ d(Tiv(al 
from urea and formal(i(*hyde. M(‘lamine is 2,4,t)-triamino-l,3,r)-triazin(‘ 
(I) and is prepared comm(‘rcially from cyaiiamide through tli(' intcu- 

NII, 


/ 


ik 


N 


N 


H 2 N— 0 C— NH 2 

1 


mediate formation of dieyandiamid(\^'® It may b(^ condensed with 
formaldehyde to form m(damine methylol diaivativc's, and tluisi* may 

Ilodgiiis and IIov(i3^ J nd Kng. Chern., 31, G73 (1931)) ; Sorenson, U. S. patent, 2.191,' 
974 (1940). 

Scheiblor, '’J^rostlor, and Scholz, Z. arif^rir. Chrm., 41, 1305 (1928). 

MoOlellaii, Ind. Enn. (lietn.. 32. 1181 (1940). 
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be heated to form thermosetting]; polymers.'^® The reaction is probal)ly 
similar to that b('Tw(‘.eii nrea and formaldehyde'.^^'’ 

These polymc'rs have ri'cently be'coiiK' cominercially important 
because of their supc'ricjr stability to h(*at and li^z:ht. are used in 

molding resins under the trade name ^'Bc'etlc'-AIelamine^^ and also, 
incorporated with alk^^d resins, in quick-curing enamels under the 
trade name ‘‘Melamac.^’ 

Phenol- Aldehyde Polymers 

The read ion betwcHai ph(‘nols and ald('hyd('S was apparently first 
investigatc'd 1)3' Baewer and his stud(*nts in 1872.'“ ALuyv other workers 
have add(‘d to tlu' knowledge' e)f thi-^ e-enide'nsiition reactie)n in the iiiter- 
A’eaiing ye'ars. Are)und B)()(), pate'nts ix'gan le) appe'ar on these i)roducts, 
but it re'inained fe)r Bae'ke‘land te) demonstrate tlie pe)ssil)ilities of the 
reae'tion fre)in a ])raeiical i)ejint e)f vienv. The' re'sins fii'st. used were 
made by ee)nde‘nsing ])hene)l and fe)rnialel(‘liydei with either ae*id or 
alkaline catalysts. Alkalitie e*at-al,ysts bring a))e)ut the ce)nelensation e)f 
fe)rmald(‘hyde in the ortho and para jK)sitie)ns e)f ])h('nol, aiiel this reae'tion 
has essentially the' same* ehane'e'S e)f pi'oelueing a thre'e-dime'nsional re'sin 
as the' gha'erejl-phthalie' anh 3 Tlriele ee)ml)ination. The' two ])ositio7is e)f 
the' me'thyleiu'. radie'al ( — CH 2 — ■) e*e)rre'S])e)nd lo those' of the' anhydride, 
and the thrc'e' ])ositions in the ]>he‘ne)l i-ing ee)]‘r('sp<)iKl to the)S(' in gba'e're)!. 
A ))e)ssible t 3 q)e e)f j)e)lvine*r is she)wn in B but man.v variatie)ns can be 
writteai. That the' hyelre)xyl gre)Ups are ne)t e*oine'rne'd in this re'action is 



1 


Soc. pour rind, rhiiu. i\ lirile, Fiviich putout, S11,S04 (ia.S7) ; liritish patents, 4e)S.()77; 
4(JS,74() (11)^7); Itntisli paliails, 4sei,51t); ise),r)77 el9aS); Swiss patojUs, 197,4Se.)-91 
(lO.'rS) ; Deutsrlio Ilydrioivvorko A.-C7., Jiiitiah 51)1!, 720 (1939); Sanderson, }*ai7it^ 

Oil Ohem, liev., 102 , No. S, 7 (1940). 

IlodRinB, lUnoy, Ilcnvott, Uiun'll, and Mceskc, lud. Eng. Clam., 33, 7tH) (1941). 
Baeyor, Her., 6 , 25, 2S0, 1094 (1S72). 

Baokt*land, U. S. pat(‘nt, 942,S()9 (10091 ; J. 1 ml. E)ig. Chvm., 1 , 149, 545 (1909) ; 3 
518, 932 (1911; ; 4 , 737 (1912); 6 , 50G (1913). 
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indicmtod by the fact that the; low-iuoleeiilar-wcight resins first joroduced 
are alkali-solubh^. 

By use of a phenol substituted in the orlho or para position, the 
possibilities for cross-linking; disappear. By mixing; a certain amount of 
such a substituted phenol with plumol itself, the propc'rties of the final 
polymer can be greatly changed somewhat as glycerol-phthalic anhy- 
dride esters can be modified by introducing a ct'rtain amount of mono- 
basic acid with the dibasic; acid. A i>osilion in the ring cannot be 
blocked with a nu'thylol group as these' can leave the; I'ing as well as 
enter it undc'r alkaline reaction conditions. 

Acid catalysts cause* a slightly diffe're'iiti type* of polyme'r to form. 
Even the low-molecular-we'ight products tii'st obtaine'd are alkali- 
insoluble. Thus the; jfiiemolic hydroxyl must lx' used uj), and this may 
be the re.sult of ether formation betwe>en ne'igiilioring phe-nol grmips or 
ace'tal feumation. In eithe-r of the'se' e've'iits we have' a 2-4 e‘e)mbination 
rather than the- 2-3 combination eliscussed in tlie e'ase of the alkaline'- 
catalyze’d reactie)u. 

The thermetsetting proper! ie's e)f both the- uien-formalele'hyde' anel 
the phenol-formalde'hyde' resins are* petssibk' Ix'e-ause' the eemeie'iisatiem 
reactiems proehu'e' the* methyleil inte'rnu'eliates, - Clh.Oll. Euillu'r 
heating cause;s still furthe'r e'e)nele'nsatie)u to occur until the' infusible; 
state is reae;hc'e). (Jil-solulele lehe-neelie re'sins ine'])ar('d fi-tnn siibstitute'd 
phenols feer u.se in vai'uishe'S luive; re'ce'ully Ixa'ii re'viewe'el by Turkingteni 
and Alle'ii.'^^ 

Other alde'hyele'S anel othe'r plie'iieels are use-el industrially for e;ei'tain 
resins. Areunatic amine's may be use-d in ))lae;e' of phenols, anel the* 
“Ciba” type re'sins re'.sult. Jle)we've'r, the-y an- formeel by e-sse-ntially 
the same sort> e)f compk'x cemele-nsatiem re-actions as have- be-e-n j)icture'd 
abe)VC. In the case of the amine-s the alde-byde- alse) attacks the uitre)ge'n 
atom, thus increasing the pees-sible- e'enn[)le'xity ed the- final pe)lymer.'’' 
The ?n.ckj-ph('nyleuediamine'-foi-malele'hyel(; ])e)lyuu'r has feeund seeme; use* 
in the removal of aniems from wate-r.'® 

Turkingion Bud Allen, Jnd Eng. Chnn,, 33, (];)41j. 

See Sprung, (Enn. Krv., 26, 297 (1940), for b gcneutl reeiew of the feticlioii of ninineH 
and aldehydes. 

Adams and Holmes, .7. Sac. (%tn. ImJ., 54, 1 O f (19:57)) , Schwnitz, lidwtuds, and 
Boudreaux, Ind, Eng. Chem., 32, 1402 (1940); Myeis, Eabtes, and IVIyers, iind., 33, (i97 
(1941). 
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‘Thiokols’’ 

Ethyl(‘ne chloride and sodium polysulfide n'act on heating to give a 
polymeric polysulfide with ])rope]*ties rcvscanhling those of rubber (1).’*^ 

CICII.CII2CI + Na^S.! — [CIECdES.!], 

I 


The ])()lymeric mol(H*ul(' has Ix^eti converti'd ''' to a polyethyhaie disulfide 
(If) which will again take, up sulfur to gHx* th(‘ rublxa-like pnxluet (III). 
The polycdhyleiie disulfidi' has Ixxai reduc(‘d to etfivkuK^ dimeicaptan 
(IV). The stj’uclure (111) of the polynuu* has been demonstrated not 


[CWr-CU^ S— S],r 
II 

Rediifti(H) I I NuOiir 


+S 


-[cn 


s— S],— 

J i 

ri S 


IIHCULCICSII 

iv 


only by tho (li'^radation luenlioiu'd Imt also by syidliosis. Klhyloiie 
diiiu'rcaptaii (a .) bas been oxitlizi'd (o an cthylcMU! disidfidc j)olyinor 
whicli on liH'alincnt with (‘hancntal sulfur has f>;iv('u a in’oducl appar- 
ently identical with tlu‘ lolyiner d(‘scril)ed aboV(! (111). 

The nature of the polymer dep(mds on th<‘ ])roj)orli()ns of reaeting 
materials. To get th(‘ tough rubltery product, tho .sodium ])(,)ly.sulfido 
must be used in ('xei'ss. If ethylcme chloride is in exce.ss, the polymer 
is a viscous Tajuid. This s('cond polyiru'r is of a much lower molecular 
ws'ight than the former. A rt-asonable e.vplauation for this is apparent. 

1 1 excess j)o]ysulfidr is us(t 1 the (‘ud grou]>s are uiuloubtixlly — SH by 
l)j*(‘akdown (d* the — S-- S— Xa units. Since sixlium Udrasulfido will 

S S 

oxidiz(‘ an — Sll grou]> to an — S— S — grou]), this ri'action may be 
res]X)nsil)l(' for ]X)lym('r formation when an excc‘ss of polysulfide is used, 
and tlu' moUxaih' can (‘ontimu' to gi‘ow in this wxiy as well as by the 
])rimaiy n^action. d h(‘ - -dljClhd'l (aid grou]) can i'ea(*t in only oik' 
way to (*nus(^ incix'asixl mohx'ular weight. 

Tilt" (‘ondc'iisal ion products obtaiiK'd wiuai (‘xci'ss sodium polysulfide 
is us(xl may lie vulcanized, usually with zinc oxid(* and water. It sc'cms 
lik<'ly lliat this {)i'oc(‘ss is r(‘Sponsibl(‘ for furthca' inciv'ast' in chain kaigth 
due to oxidation of ((‘rminal — Sll groups and lormation of more disulfide 
units. Vulcanization of rublxa’ is thought to involve a low^ degree of 

Patrick, H. S. ])atcnt., (UKT.?). 

'‘'Vlaitin ami Patrick, I ml. (7am., 28, 1141 (19:30); Patrick. Trans. Faraday 

32, :347 (19:30). 
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cross-linkiiifi; of llio loiifij liiK'ar iiioloculos. It is difficult to soo how 
cross-linking is involvcnl in the vxilcanization of th(5 “thiokols.” 

The otliylonc “thiokols” arc probably tlu^ most imf>ortant practically, 
bnt many ollx'rs liavc; bc('n prepared from such products as trimc't.hyl- 
enc chloride, dichlorodu'thyl ether, and propylene chloride. 


Polyacetals 


J5y far the most imjwrtant pol.yaeetals are the naturally occurring 
ones such as cellulose, star(4i, and inulin, which an* discusscnl (dsewhc'n; 
in this book (Cdiapter 22). Howeva'r, as ct)nsiderabl(' work has Ikhui 
done on synthetic products of this type*, a few ('xamples of them will 
be discus, sed. 

II. S. Hill and Hibbert have invc'stigated acetal formation when 
glycols are tr(‘at(>d Avith acetyh-iu'. TIkw found that the lowc'r glycols 
give five-, si.\-, and even seven-miaubered rings (I). The si.\'-membered 


IIC^CII + HO(CTr.,)„01I -> (’ll,, ('ll ((’]h.)« «-2,:rand4 

\o/ 


rings fornie<l most readily, the fivc'-meinlK'ix'd lings next, and the seven- 
membered rings weax- most difficult to obtain. When oetamethyh'ne 
glycol and deeanudhylene glycol weix' used in the ixaietion, heavy, 
.syrupy, odorless aix'tals of high and indetinite boiling points were 
obtained. These were undoubtedly linear polyaeetals (II). 

— [(’)1()(CH.,)„0] — 

I 

CII3 

n — S or 10 
II 

Hill and Carolliors sludk'd tlu' formation of acetals (V) from glycols 
(111) and dilnityl formal (H ) with an acid calaly.'xt. 'rh(‘ iiol^aners 

irO(CHo)/)ll + CJlyOCMIoOCdlo L(dl20(ClIo),Oj-- + 

III IV V 

obtained directl}' by this nwtion h^lvc a mohaailar weight- of around 
2000. Heating in a moleciular still conveais them to high(‘r jiol^umas 
and to cyclic monomeiic or dimiaic ac(‘tals. Th(^ jiolymers obtaiiu'd by 
this procedure can be orient(^d by cold-drawing to giv(^ filaments. 

H. S. Hill and Ilibbert, ,/. Am. Chem. *Soc., 46, 310S, 3117, 3124 (1923). 

liiil and Carothere, ihid., 57, 925 (1935); Caiothers, U. S. patent, 2,110,499 (1938). 



SYNTHETIC POLYMERS 


735 


Other Condensation Polymers 

In addition to tho polymer-forming reactions, which have received 
greater attention Ix'cause of the practical importance of the products, 
many others hav('. been studied academically. Many of th(‘S(‘ are of as 
much theoridic^al interest as the reactions aln'ady discussed. Since th(\y 
follow the g(‘neral patterns which have hvcn discuss(‘d, however, it is 
not n(T-('ssary to go into great detail luu’e. 

Th(' formation of anhydrides from dibasic acids was given s])(H‘ial 
attention l)y Hill and Carothers,^^ although many polymc'ric ])i’oducts 
had been incompU'tely dc'scribcd in th(^ oldca* lit ('ratine. The recc'iit 
woi’k on the anhydrides of tlu' s(‘ri('s COoH )oH, in whi(*h n = 
4, 5, 0, 7, 8, 9, 10, 11, 12, and 10, has shoAvn that tluy are all liiK'ar 
polymers wlu'n ])r('i)ar('d by the a(*tion of aec'tie anliydridi' or acc'tyl 
chloridi' on tlie dibasic* acid. The n'action of tlu'sc* })()iym('rs with aniline 
pro\'(‘d to b(' usc'ful in distingui^hing tluan from dinu'ric- cyclic 

prodiu'ts and as a nu'aTis of showing that th(^ (‘iid groups w(‘r(' ac(‘t\l 
(1). Th(‘ end groups give souk* a(*('t anilide* when as tlu* anhydride', units 
in the chain reae-t in a random beshion to pre)dii(*e dianiliele, monoanilide*, 

ClIaCT)- [()C'0((ll2)nC()],— OCOClTy 
1 

and dibasic ae*id accejrdiug to the lavs of chance. These re*e|uire that, 
for eve'iy ineilee'ule of elibasie* acid in the^ chain, one'-half molee'ule* of 
meinoaniliele*, one.*-eiua]’1e'r m(.)le*cule* of dianiliele*, anel ()ne*-(iuart(‘r mole- 
cule*. e)f diliasic ‘ie*i(l shall lx* feirme'd. The* e*xpe'rime*ntal re'suKs e*hee*ke*el 
this as well as ceaild be* e*xpe*cte*d feir thoe* large* me)le(‘iiles. 

Polyme'rie! anhyelriele's e*an be* de'polyme'i-iz(*el to give* cyclic moneaiK'rs 
or dime'i’s. In the* se’i'ie's of ])olymeric anhydriele's studic'd by Hill and 
Ca 7 *oth(‘rs,^‘ ])e)lysub('rie*, ])()lyse*l)ae‘ic, and jiolydoele'canoic anhydride's, 
wh(*n de‘])olymeriz('d by heating in a meileciilar still, gave* elimerie*. anhy- 
dride's having IS, 22, and 20 me'nibe*rs in tlu' rings. All the* other pedy- 
anhyeh’iele'S in that sei’ie's gave mejnome'ric e'yelie* anhyelriele*s, but the* 
te'ii- anel t w(‘lve-me'mlK*red rings w(*r(' e'xtre'iiu'ly unstable* anel te'iuie'el 
to re'vert to tlie* line'ar ])e)lymer form (*xce'])t at lieiuid-air te'ni])e*ratur('S. 

Ih'actions which should produ(*e ])olyamine'S, sue*h as the>se of an 
alkylc'iie dibromiele and ammonia, ^ aliphatic dibre)mide*s and 

Hill, J. Am. ('}u m. Si>c.. 52, '1110 el0;>0) ; ilill and ( arotliors, ihid., 54, 15(iy (1932) ; 
56, 5023 (1933). 

Hofmann, lU r., 3, 702 (INTO) ; 4, (>(»(> (1S71) ; 23, 3297, 3711 (1890). 

Mann, ./. (linu. Nor., 401 (1934). 

Van AljduMi, Her. irav. rhim.^ 65, 412, 0e»9, 835 (1930); 66, 34.3, 529, 1007 (193<)'. 
67, 205 (1038) , 58, 541, 1105 (1939) ; 59, 31 (1940). 



736 


ORGANIC ciii:mistry 


diainiiios,^'^ aiul a bromoalkyl alkylainiiie coiidciisaiioTi,^® have been 
studied l)ut most of Uk'. em])hasis has Ik'OIi ]jla(*cd on the lo\v(a-molec- 
ular-wci^'ht j)i*odueis which could ho isolatcnl. Polymeric quaba’uary 
ammonium salts ha^a^ been obtained l)y the rea(*tion of (compounds of 
the type Br(CHo).N(R) 2 , wlaa-e - 3, 7, 8, 9, and ]0.«« These products 
were hygroscopic solids witli molecular weights in the range of 1500 to 
10,000, dep('<nding on the na.tui*e of li and tlie size of 7i, Some cyclic 
products w(a*e ol)tained wlicai n = 3 and R was gn^aler than methyl. 

Zimmerman and Lochte^'^ showed that the product of the n^ac^tion of 
diacetyl and hydi-azine^^ is a liiuair i)olymer (II) with a mokaailar weight 
betwcaai 300 and 400. Other dik(4.ones and hydrazines gave similar 
linear polyazines. 

nis Cl I a Cl I, Cits 

I i 11 

1J,NN=[C -N],=-C C=0 

II 

Arvin ])r(q)ar(*d polyether rc'sins from iiluaiolic l)odies, polyhalides, 
and polyalcohols in an alkaline medium. 

Previously, some work had Ixon (l(ni(‘ on tlie formation of ])olyph(‘nyl- 
ene ethers by tlu^ oxidation of e-cix'sei/^^^ l>ut- th(‘ jii'oducts wa‘r(‘ only 
triiiK'rs. Also, Staudingc'r and Staigea* hav(‘ iisial the Ullmann rcaiction 
to get to the hexamer stag(‘ in (lie i)ol3q)h(aiyl(‘ne eilua- stale's and have 
made viscosity^ studi(‘S of thes(‘ etlu'rs. 

Polymeric hydrocaihons havi' ])oon prepartal by (lit' a(‘tio!i of nu'tals 
on dihalogtai compounds. The work of Ri('S(‘ on tlie reaCion bt'tuetai 
p-dibiomobenzene and sodium was oik' of tlu' (‘arli(‘st ii vt'stigations in 
this fit'ld, ])ut the natun* of (Ik‘ ])ol\un(aac prtxliicts wais not undta*s 1 ood 
until Goldschmkxlt.'^'^ and later Jatohstai*^’ .showed that the chief pi’oduct 
of tlui reaction, CMsIl32Jh*2, was ])rol)ably a lineai’ polymt'iic product, 
having eight benzene midta (Illj. Jacobson also prt'iiared a polymeric 

Br 

III 

Cowan and Marvel, ,/. Aw. Chew. Snc.^ 58, 2277 (laSC). 

Gibbs, LitUiianii, and XIarvel, ihnJ., 55, 75a flDSa); T.ehrnan, aiionipson, and 
Marvel, ihid., 55, 1977 {VXV.l) ; Gib])s and Marvel, ihnL, 56, 725 (1924; , 57, 1127 (1955;. 

Ziininonnan and Loeht-e, ihi(f., 58, 9 IS (laSC)}; 60, 245t) (195S). 

^^Cui tins and dliun,,/. jn'dLt. Chew., [2| 44, 175 (1S91;; Diela, Jitr., 35, 550 (1902) 
Diels and Uflauiner, Her., 48, 223 (1915). 

Arvin, U. S. patent, 2,()()0,715; 2,000,710 (1930). 

Gold.s(*hijiidt, Selmlz, and Bernaid, Ann., 478, 1 (1930). 

Staudingcr and Staiger, Ann,, 517, (J7 (1935). 

92 Kie.se, Ann., 164, 101 (1S72). 

Goldsehiniedt, Monalsh., 7, 40 (18S6). 

9^ Jacobson, ,/. Arn. Chem. Suc.^ 54, 1513 (1932). 
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hronuiialc'd hydrocarbon containing apfn-oxiniatcly 31 /j-xylyk'iu' rcsi- 
ducs (IV) by the action of magiK'siiun on p-xylylcne dibroinide. 

IV 

The action of sodium on d(H‘aniethylen(' l)romido in ('Hut p;ave a s(n*i(\s 
of normal hydrocarl)ons from wliich ( V>(»nj() 2 , CV,oH] 22 , ( VoUi 12 were 

isolat(‘d hy mol(H*ular distillalion.'-^*’^ The n^sidia^ (*on1ained still hij!;her 
hydrocarbons, but th(\y (*ould not be distilled without, dec’omposit ion. 
The data of J\Teyer‘‘^’ and l)unk(‘P' slu)w that, tlu* mokaailar cohesion of 
a, t V(i hydrocarbon is al)out 7 1 ,000 (‘alori(*s and that of a ("so hydrocarl)on 
is about 81,000 calori(\s. Sinc(' the h(\‘it, of separation of a (’arbon- 
carl)on bond is abfait 75,000 calories it would be ('xinadcal that, a C'so 
hydrocai-bon would decompos(‘ ratlua* than distil. 

Th(\s(' hydro(*arbons of hi^h rnol(‘cula.r W(‘i^ht were also us(‘d to carry 
out, a, rouji;li check on on(‘ of th(‘ controv(‘rsial subj('(‘t,s in polynuT 
st, iidic'S. It had Ix'en sugt};(\'^t(Hl that the a])])arent. d(H*r(‘ase in the 
mol(‘(*iilar ANta^^’ht of rulilxM* and otlua* ])olymers of wry hij;h mokaailar 
w<‘i^ht when h(‘at('d ginitly or subj(‘ct(‘d to m(H*hanical strain was r(‘al 
and was due to a thermal instability of th(‘se mok'cules at tcanix'raturc^s 
slip;htly a])o\'(‘ room tcanprantunx The dt'cnaise in thernial slal)ility 
from nu'thaiK', (d(M’om])osition tem])erature (>50-700°) to (‘thane (550- 
()00°) and ethane to h(‘xade(‘an(‘ (ca. 470°), if f()llow(‘d on to higher 
nuanbers, would lead to such a r(‘sult,. lIow(_‘ver, a study of the th(‘rnial 
stability of ti'iacontiuu‘, l(‘ti*a(*ontan(‘, piaitacontane, hexa,contane, and 
h(‘ptacontane showed that the chanf!;e from C7io ti]) to CVi) ^^'as so slight 
that it would b(‘ saf(‘ to say that a j)araflin hydrocaiTon of a mokaadar 
weight of ev(‘n ^reatc'r than 200, 000 would b(‘ stable at room lemp(‘i'ature. 

Ihfiinctional (5rij!:nard r('a^(‘nts^'’“ (V) have been t malt'd with mcdhyl 
formate to yit'ld ])()]y meric alcohols (VI). 

P»r]\I^<(:il,)ioATgr>r + lIC— OCIl;, 

OMgHr 

L--(CTI.,)io~-(dl -- 

( 'in ottiors, Hill, Kiri»y, iiiicl Jacobsen, 52, 5279 (1930). 

Mcyvi, Nat unris.scn.'.c/inffcn, 16, 7Sl (192S). 

Duiikol, 7. v>A?/s//. . (7/./I/., A138, 42 (192S). 

StaH(Iiiijj:(a , lirr., 69, 3037 (1920). 

Bono and WlR*(*U‘r, ,/. (liciu. Sac., 81, 542 (1902). 

^'^nVilliams-Gardner, Furl, 4, 430 (1925). 

10’ Gault and Ihvssol, An?i. chitn., [10] 2, 319 (1924). 

102 (Sarothcrs and Kirby, ,7, Am, Chcm. Sue,, 54, 1588 (1932). 
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The Friedel and Ci’aft.s n^aclioii has also been used to produce polymeric 
matei*ials. Thus, Ix'nzyl chloride reacts with traces of aluminum chloride 
to j^ive complex soluble and insoluble ])roducts.^^*^ The soluble polymer 
is probably linear. The chlorine seems to be removed c'ntirely by some 
side reaction. 



VII 


Shriner and Bcu’gXT have found that sulfuric ac'id converts benzyl 
al(‘()hol to a mixture of at Ic'ast two ])olym('rs, oiu^ of which has a com- 
position identi(‘al with tlic', soluble lin(‘ar polymeric hydrocarbon report (xl 
by Jacobson and the otlua* has a terminal hydroxyl group (VIII). 


(Ml 5CI [.(Cell iCII,) .CfilLiClhOJ I 

VIIT 

Oxidation of thc'sc^ polymers to yield both o-])hthalic and tcax^phthalic 
acids shows that both ortho and para positions in th(‘ Inaizcaie lUK'hais 
are iinajh ed in jiolymer formation. 

The polynuaic alkyl silicon oxid(‘s ar(^ anotlaa* in((a’(\sting tyjK^ of 
polymer. Kiiiping^^*' first- j*(‘cognized that the silicaiu'diols 10^^1(^111)2 
(‘ondensci inlermole(‘ularly to yh'ld polymeric* anhydrides and silicones. 
The silicanetriols, RSi(()H)3, likcnvise wer(‘ known to (*ondens(i to white, 
l)Owal(Ty ^^sili(*onic acids” (RSiOUll)j.d‘‘‘'’ 

Rochow^ and ( 5 illianO‘’' ha.ve rca-caitly found that tlu^ silicaiuHliols 
may be madc^ to condcaisc* with th(‘ silicancdriols to yicid solid pohmiers, 
probably of a cross-linked siloxane stru(*tur(' (1 X). 

---R i»Si — O — RSi — ( ) — lO^i — 0 — 

0 

1 

— R^Bi— 0— 0— KSi— ()— 

(.) 

1 

IX 

Joa Jacobson, ihid., 54, 1513 (1933). 

Shriiior and Bergor, J . Chevi.y 6, 805 (1041;. 

./. ('hem. Sdc., 91, 21S (1007), Uohiacjn and Kipping, ihid.^ 93, 489 (190S); 
101, 214li (1912;; Martin and Kijjping, ihid., 95, 802 (1909; ; Kipping, ibid,, 101, 2100 
(1912). 

106 jviortds and T\i])ping, 105, 079 (1914; ; 107, 459 (1915; ; Ladonburg, Ann., 164, 
300 (1S72) ; 173, 148 (1.S74;. 

Rochow and Gilliam, ,/. Am. Chrrn. Sue., 63, 798 (1941). 
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The pol 3 ^meric mc'thy] silicon oxides (IX, R = — CTI^O nrc' cc)lorl(\ss, 
trans})ar(nit, liorny n^sins and are uniqiu' in tlu^ir tlua’nial stability, no 
perceptible chan^c^ IxMiip; prodii(*ed by heatiag in air a, I 200'' for a year. 
Hyde and D(‘Loiig have also prepared silicon-c'oiitaiiiing i)ol 3 aiu‘rs. 

ADDITION POLYMERIZATION 

Addition polymerization lias no exact paralbd in the ri'actions 
encounten'd in classical organic chemistry. An imsatiirated m()l(‘ciil(‘ 
becomc's activated, rc'acts with other iinactivatc'd molecuk's to jirodiUM' 
long-chain compounds, and then in some way th(^ r(‘ac-tion is stoppcMb 
Mark has aptly ikuikhI th(‘S(‘. ])has('s of the addition ])oIymerization 
reaxdion initiation, {iropagation, and cessation. This ivuo addition 
liolyiiKM-ization reaidion is not. to b(^ confusivl vvitli tlu‘ s(‘lf-addition of 
one or two molecul(‘S of an unsaturated comi>oimd to j)rodu(*e dinu‘rs 
and triin(*rs. In true* polymia-ization tli(‘se small nnits ranty ar(‘ found 
in the r(‘a(‘tion mixtui*es. Addition ])olyni(n‘s usually range* from 10,()()() 
to 200,000 in mol(‘cular wi'ight-. 

Si riel ly spe'aking, I he* addition polyuuTS, like th(' condemsation 
polymers, are^ not chemical individuals. Tli(\y are mixtun'S of long- 
cliain com])ounds made up of m(‘m))ers of a '/;e//y//e//a>/er/ea.s s(M’i(\s; that 
is, th('y hav(^ tin* same n^curring unit and th(\v ar(‘ of ])ractically the 
same' onh'r of jnol(‘cular wi'ight, Th(‘ purity of the monomer is highly 
imj)orlant- if us(‘ful ])olym(‘rs are' to be obtained. 

In th(^ (*liain r(‘actions which ])rodu(*(‘ the polymers, side naiclions 
may occur such [is bnuiching and r('[iction with dihumls and solvemts. 
These* side' re'actions [ire* still little und(‘rsle>oel and will not be* eliscusse‘el 
in elelail he're*. The* actual me*e*hanism of initial ion, prop;\g[ition, and 
e*.e'ss[il ie)n of tlu'se* rexie’liems earn be* tre‘ate*d meire* satisbictorily [ifte‘r [i 
sluely of some* eif the* facts which Inive been de'te*rmine*d concerning 
varieais pe)lym(*rs. 

The V[U'ie)Us unvs;iturate*d memome'ric typ(*s whie*h pedymerize by 
aelelitiem pe)lyme*rization jire the ole‘fins and their ele'rivative‘S, the* eliene*s, 
the* aeu't.yle*ne*s, the* [dele*hyele*s, anel ce*rt[iin stniined e*yclic me)nomers 
which inay be* cidle'el ])S('uelouusaturate*d. Tlu* ole'fins and the* die*nes are 
the me)st im])e)rt[int te*chni(*[illy anel have re‘c*eive*el tlie greate*st amenmt 
of stuely. In the* fielel of [leldiliem pe)lyme‘rizatie)n St[iuelinge*r has elone* 
the gre*[it(*st [uuenmt of weirk ;ind has laid the* femndatiem few much eif 
the* work which e)the*rs have done*. 

^o»ITyck‘ and DoLong, thu]., 63, 1104 (1041). 

Mark, “Physiral Clicinisliy of HikL Polyiiiorio Sys^teins,” Intertecienco Publishers 
New York (1040), p. all. 
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Olefins and Their Derivatives 


A wul(^ varicly of olefins has Ix'en polymer! zeal by addition but the 
limitations an* fairly definite and can b(‘ exj)ress('d with fair certainty. 
In tlu! ge.neral molecule', 



c=cn2 


if R and R' are hydroge'ii or low-molecular-weight alkjd groups, the 
substam^cs will usually polvnu'rize. 

(' 

rCH=(^H2 — > —\cil—cih 



1 

Jl' 



Only \vh('ii R and R' are l)()l]i iiK^thyl ^I’oups has iho polynaa'izaiion 
of a disiibs1itui(Hl (dhy](‘-ne l)(‘(‘n (‘Xliaisivt'ly studied. Ap])ar('ntly, 
it is inij)()ssild(‘ (o ])()lyin(Tiz(' a .syminc^t ri(*;dly sul)s(ilut(‘d ol(‘fin 
R(;H=C1IR or a iii- or l(‘(rasiil)stituted ohdiii to obtain lii^h-rnoleeu- 
lar-weight ])roduets. Tins last limitation may b(‘ diu‘ to lack of ])i(‘St‘nt 
knowk'd^'o ratlu'r tlian to sonu' iiitrin-^if ])ro])('rly of tli(‘s(^ mokaaik's. 
Sonu^ l('lrasubslitut(‘d luilogcm dca'ivatives of (Uliykau' havc^ liecm 
polymerized. 

If eitlaa- R or R' or both ar{‘, nnsaturatf'd or (‘l('(*lron-atti*a(‘tin^ 
groujis, such as ]>lienyl, (‘arbonyl-eontaininji; r(‘>idu('S, — 00()R^ ehloriiK', 
or cyano, ])olyme]ization UhUally is moi'(‘ n'adily ac*eom]jli.^h(‘d than in 
the case of the* sim])le okdins. If, ho\vc‘A’(‘r, It is plienyl, U' must b(‘- 
hydro^(‘n or tlu' ])olyin(Tization is veiy diflicult to accomplish. Styr-cauhs 
with substitution on tlu* vinyl n'sidiu^, jKilynuaizfi to low-niok'cular- 
weight- niok'ciiles.^^® 

Copoly nuu'izat ion, in which two difT<‘nmt okdins or okdin dej-i vat ivc‘S 
tak(' part in tlie (;liain reaction, is quit(‘ conjp](‘X. Caschs of this sort- will 
be consid('r(al after th(' simjikn* oik^s have b(‘(m d(‘scrib(‘d. It- may b(^ 
well, how(‘ver, to point out at this time that th(‘r(‘ ar(‘ ok*fin d(‘i*ivativ(‘S 
of th(^ type RCI1=C11R which will not th(ans(‘lv(‘s polyin('riz(‘ but- 
which do enter into copolynKuization r(‘actions with otluT polyiiKTizable 
olefin derivatives. Thus, ethyl inaleate and niakac anhydride can be 

Standi rigcr and Brcusc.h, Bcr., 62 , 442 (1929;. 
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combined willi vinyl cliloride to give copolymers but will not them- 
s(‘lves n^adily polymerize. 

The chain i)olym(‘rization reaction is usuall}^ started by a catalyst 
such as a metal halide, a metalloid halide, or a pc'roxide. Boron fluoride 
and aluminum chloride work Ix'st at low temperat un^s. Bcaizoyl peroxide 
and hydrogcai pc'roxide are common peroxide-type^ catalysts. Poly- 
nuTization may also b(' inducfal by heating and ])y irradiation with 
ulti*a-viol(d- light. Oxygen also plays an important role in i)olyiueriza- 
tion processes of this type, possibl 3 ^ t-hrough the formation of olefin 
p(U‘oxid('S. 

Staudingen- has shown that the tem])eratur(‘ and geaieral c()nditions 
undea* whi(‘h styi'cau^ is ])olyni(‘riz(‘(l ha.V(‘ a mai-ke'd effect on tlu' niolec.- 
ukir w<aght of Ili(‘ i)olym(a\ I'his is sliown by lh(‘ facts sumniariztHl in 
l'al)le I. In geaua-al these r(\sult.s ca.riw over to otii(‘r addition-poly- 

TABLE I 

M()LE(a'LAU Size of Poeystykene \s Affected by 
Method of l\)LYMEiazATiov 


\ \ raiA(a: 


MeTIKM) of 

AcI*EAU\N(’E 

MoiaUT'L'Mt 

Sintering 

SoI.ritlLTT^ 

PoLYMEHIZ \TTOX 

OF Po LYME It 

Weight 

Point 

IN Ether 

Jlciiliiig with SnC^h 

\Vhit(‘ jHiivcru- 
Icnl mate*iial 

a, 000 

105-1 UP 

Soluble 

Liidei nitrogen at 

150" 

AVliit(' ])(n\fler 

20,000 

120-130 

S]i}2;htly 

UikUt nitrogen at 

100 ' 

YOiite 

til)(*rs 

120,000 

100- ISO 

s( Juble 
Insoluble 

In air nt room 
t(*rnp('raturo 

Yiiito 

fll )CTS 

200,000 

ISO 

Insoluble 

Ihidor at 

room temiK'i aturc 

White 

fibtjrs 

000,000 

ISO 

Insoluf)le 


iiKauzation rcau'tions. L()W-t('m])eraiure ].)olymenzations witli little 
(‘atalyst. are lik(‘ly to ])roduc(‘ the high(\st-mokH‘ular-w('ight- polymers. 

Staudinger has introduced the term degree' of })olynu'rizatiem to 
indicate the numl)eT of reeairring units in an aeldition ])olymer. In the 
case e)f styrene*, where* the* memomer has a me)le*(‘ular weight of a])i>roxi- 
inate'ly 100, tlie* dc'gre'c e>f the* i)olymer is about 1 100 of the molecular 
\\e*ight. The* low-nH)le*.cular-w(‘ight addition polymeas with a degre'o 
num!x*r up to a1)out 100 are ca11e*d he‘mie*olloiels by 8tauelinge*r.^^^ They 
behave mue*h like oixlinary low-molee*ular-\veight compounels as regards 

StniuiiiiKor, "Die liodimolelailaron organischen Veihinduiigen,” J. Springer, 
Jierlin (1932). 
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solubility, viscosity of solutions, (4.c. Those polymers with a degree 
above 100 and Ijelow 1000 are called nnvsocolloids. They conslituU^ a 
transition group, and the physi(*al projx'rtic's change more or less 
gradually fi*om those of low-molecular-weight substan(H\s to thos(' of 
very-high-mol(‘(;ular-weight substamrs. Polymers with a degree above 
1000 are called eucolloids. Th('y usually swell markedly with solvc'iits 
and dissolves only very slowly to give solutions which show abnormal 
viscosity behavior. In these solutions the individual mol('cul(\s which 
are dissolved begin to ap])roa,(*h th(‘ siz(‘ of the ordinary colloidal particle. 
As ni(‘ntion(‘d earlica, thr(‘(‘-dinK‘nsi()nal polymei’s are invariably insolu- 
ble even when of r('lativ('ly low mokaailar wi'ight. Slightly cross-linked 
polymc'rs of the liiu^ar ty])(' \isually sw(‘ll with solvcaits. 

Th(^ older method of pr()du(‘ing i)olym(n\s from th(' ok'fins and their 
derivative's w^as to us(' the ])ur(‘ liquid or a solution in an organic solvcait 
in which the catalyst would dissolve'. This method is still wich'ly 
followed, but industrially some of these' re'aclie)ns are' ne)w e^arrie'ei e)ut in 
emulsion. The' mononu'ric mate'rial is suspe^nde'd in water or a water- 
organic solvent mixture anel the' e'atalyst and an e'mulsifying age'nt are 
adele'el. The j)olyni(‘r may se'parate' as it forms or it may re'inain in 
emulsion and be coagulate'd at the enel of the' ])e)lyme‘rizat ion. The use* 
of the emulsion te'chnieiue' has gre'atly im])re)ve‘d the' he)me)gene'ity of 
semie e)f the' ]X)lyine'ric jmxliicts which are' te'chnically available'. 

Ethylene. As le)ng ago as 1797 e'X])e'riin(‘nts involving the' pe)lyme‘r- 
ization e)f ethyleaio w(‘i*e'. be'ing de'se*ribe‘d in the' se'ie'iitifie* lite'rature'; 
the're'fe)re no atte'inpt will be made' te) give' a biblie)gra])hy ce)\'e'ring all the' 
suc(*e'e‘ding we)rk. Thei-mal ])olyme'i-izatie)n e)f e'thyle'iie' in tlu' presene'c 
of metal e*hle)i-iele', catalysts at about 70 atmosphe're's was founel te) 
proeluce' butane anel e)the'r le)we'r j)araflins, toge'thea* \\ith ole^finie* anel 
nai)hthenic oils. Biulv, Baldwin, anel W hitac're' have' imieie' a very 
care'ful study e)f the' dime'i'ization e)f e‘thyle’iie' in glass at (>25°. The' main 
ide'a behinel the' e'arlie'i’ work se'e'meal te) be' the ])re)elue‘tle)n e)f gase)line' or 
lubrie*ating oil from ethylene. Sumniarie's of the'se' ])hase's e)f edh3de‘ne 
polynie'rization aiv available'. 

Most of the e'arlk'r we)rk em the pe)lvmerization e)f eth^de'iu' elid ne)t 
lead to a true ediain j)e)lyme‘rization with the' pre)eluctie)n of large' me)le‘- 
cule's. In recent ye'ars this has Ix'e'n aediieveel by hc'ating e'thyle'iie' at 
pressure's alxjve 1 ()()() atmeispheres and te'injx'rat-ure's freirn 100° to 400° 

Dciniau, Troostwyk, Lauweientmrg, and Bonflt, Anti, rfutti., 21 , /3S (1797); Anti. 
Physik, 2 , LXJS (1799). 

Ipatieff and lOitala, Bn ., 46 , 1748 (1013) ; J. Buss. J*liys. Pin rti. Soc., 45 , 995 (1913). 

Biildwin, and Whitarre, Jtid. Kn^. Phnn., 29 , 32(> (1937). 

Egloff, Sebaad, and l-owry, ,/. Phijs. Phrnt., 35 , 1825 (1931); Sullivan, Vooilu'oa 
Neeley, and Shankland, Itid. Etig. Hum., 23 , 004 (1931). 
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with a carefully couljolled amount of This produces a solid 

(^1I,=C1I2 -[(dr,(dr,l^-- 

])()lymer which is touj2:h and waxy to th(‘ (ou(‘li and melts around 118 ^. 
Tlie mean Tnol(‘ciila,r w(‘ijj;ht (‘slimalc‘d ))y viscosity m(\asur('ments in a 
t('trahydj‘onaplithal(‘n(‘ solution runs from 2000 up to 20,000, d('])('nd- 
in^ on tJi(‘ t(anperatur(' and ])r(‘ssm‘(‘ of ])olynHaization. Th(\s(‘ ])oIym(a*s 
show a, (‘lysta.lliiu^ sti'iietun^ l>v x-ray diffraction Jiuthods. ])roduct 

has hcM'n ])roduc(‘d t(M*lmic‘ally in lMi<2;land iindc'r the Tiamc' ‘d^olythene.'^ 
Isobutylene. Isobutyh'nc^, wliicti is rtvailM])l(‘ by petrolcMim-crackine; 
])roc(‘SS(\s, can bc' convcaic'd to a mixture^ of dim(‘]'s,t rim(‘rs,and tctranu'rs 
by a(‘id trc'atmcad, but this })roc(‘ss is liardly a lru(‘ j)()lynu‘rization. J^y 
us(^ of metal halidc' catalysts, isobut ylciK* has be ('U convcatcal to 
j)o]ym('iic matcaials having a mohaailar wet^ht of 20^000 to t 00,000 or 
('\’(‘n hi^liert'” ddi(‘S(‘ })olym(a‘s ha\'c‘ Ix'cai stiidii'd and thcar uselul 
])i‘op('rt i(‘s d(\sci‘il)(‘d in a s(‘ri(‘s of publicationst^^ 

Tli('S(' i)olyisobutiMi('s ar(‘ lon^ carbon cliaiiis having, r/e///-m(thyl 
groups on alternate carbon atoms (Ij. 'Vhv prcKlncts with molecular 


C'll, ('ll, 

i ! 

(tio--- (^— cib— 

i i 

v\i, vu, 

I 

wc'iglits U]) to atxait 27,000 an* thictv licpiids. The* higher polymers are 
wliitc*, tough, elastic solids with ])ro])(‘rti(‘s which make them us(‘ful 
rubb<‘r sul)st itut(‘s. dtiey (‘annot Ik* vul(*anizcvl, however. The* satur- 
at(*d nature* of the* ])o]yis()butylene‘ re'iide'rs it in(*rt ; lu‘nc(' it is practi(*aUy 
unahecte'd by ozone*, strong acids, and similar age*nts whi(*h d(*stroy 
rubber. 

Styrene. Sty]*(‘n(‘ or |)h('nylethyl(*ne‘ (1) was first isolat(*d in ISOf 
by the* distillation of storax, and in iStO Simon, a l>e*rlin apothecary, 



1 


Fa\v(M’t1 , OibsoTi, and Pcnai, V. S. patent, ‘J.irja, »),>.’> (19^9). 

^^"Otto and M U(‘ller-( 'iini adi, I'. S. ijattMii, ‘J,l.>l),r)t)7 el9aS). 

^ d luanas, ZiniuKM, t \irncr, Rn^tai, and I'tolicti, I mL ( funu, 32, 299 (1940^' 

Sparks, l)o\vn, duiiKM, liolich, aii<l EUd)sat(t'l, thai., 32, 7dl (19ien, Ikonias, 

Sparks, iMolich, Otto, and i\l uelloi -< ’unradi, dm. eV/e/a. SW., 62, 27(i (1949); Thomas 
J.ijj;lilbown, Sparks, Frohch, and Xluiplnve, 1 nd. Eng. Chcin., 32, 12S3 (1940). 
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called ationtion to the fact that it gav(^ polyirau-ic ])roducts. The early 
litei-atun; is full of references to the chanj 2 ;(^s which styrene undergo(\s 
under the influences of heat, lip;ht, and various esheinical agents. How- 
evesr, the^ work of Staudingea* and his collal)e)iate)rs has she)wn t he ixsal 
usefulne^ss e)f |)ol 3 \styrene. IMuch of our kne)wle‘dges of other addition 
polyniea’s has conies from this weirk on styr(‘ne\ 

TheTiual iieilymerizatiein of styjcne^ at mode^rate te'in])eratures (150- 
175°) le‘ads to a water-white‘, t ranspareait ])e)lymeT whiefi has a superfieaal 
ivseanblaiice to glass. It- is niue*h softea* than glass and is t-e)iigh ralluT 
than brittle. It can bes cut, shaveal, inae^hine'd, anel inoldeHl undeT 
pressure anel heat. It disphws a- rub))esrlike elastieat^' wheai warmeal. 
The pol^uner is sefluble in aromatic hydre)e‘ar])e)ns anel man 3 ^ e‘ste‘i*s. 

AVheai the peflymeaizat ion is carrie-d e)ut at toe) high a te‘mi)e'rature‘ a 
more brittle and le'ss soluble^ jiroeluct is jn-oeluceHl. This product has le‘ss 
sheick irsistance and a lejweu' transverse' te'iisile' streaigth than Hies peflyme'i* 
proeluceel at me>elerate te'inpe'ratures. 

St^Tcne ma 3 ^ be iiol.vme'rized to giv'e' ])e)]ymea‘s f)f veiy higli molea*- 
ular weight (p, 741), anel the' nature' of the e*atalysl, the' teanpe'cature', 
the solve'iit, etc., affect the' nature' e)f the' })ol 3 an('r. It is g('ne'rall,v 
believe'el that the activateel mole'cule's re'act b\" a e*hain me'clianism with 
unact-ivate'd mole‘e*ule‘s to builel up the' le)ng-eshain ])e)lyme'r. Jle'iie'e', if 
many active ese*nte'rs are' fenuie'd, the* unactivate'el monome'i* will be* 
divided lye'twe'C'ii all of them anel the' e*hain length e>f the pol^uier will 
not be great. With fewe*r active ce'iite'rs anel slower gre)wth of polyme'r 
chains the* very-high-molc'cular-we'ight ])re)elacls re'sult. Stauelinge'r and 
Frost made some e)f thes first kinetie* studies on }>ol.yni('rization b^^ 
following the' rates of eliangc e)f stAU'esne te) })ol;/styrenes b^’' bromine 
titratie)!!. 

(onside'ra])le work on thes st-ructu]*e' e)f ])olyslyre'nes has a])i)(‘are‘el. 
Staudinge'r and St.einhe)fer use'd p^Tolytic me'thoels to ele'giuele' ]>olv“ 
styrene and isolated such i)rodue‘ts as 2,4-diph(sjiyl-l-bute‘ne' (II), 1,5- 
diphcsnylpropane (III), 2 , l,G-tiiphenyl-]-lie\xe'ne (IV), l,5>,5-ti’iphe'n\ 1 - 

CH>=CC1IoCIL2 CU>>Cn>ClL. Cir>=CT 4 T 2 C 4 [CIb,( 41 > 

II 111 

Cells Cells Celts CcIIe (^ells CgHs CgHs 

II III iv 

pentane (V), and 1 , 5 , 5 -triphe'nyllK‘nze'nes (\T), all of whie*h are* e*e>nsiste'nt 
with the notiein that polyst^u’e'iie' is a le)ng chain of niolee*ules having 
phenyl groups on alte'rnates esarbeai atoms (VII). 

Simon, Ann., 31 , lSt35 (ISaO). 

Staudiiigcr, Brnnnor, EkWi Garbsch, Signor, jind Wolirli, Bcr., 62 , 241 (1929)- 

Siaudinger and Frost, Her,, 68, 2351 (1935). 

Staudingt^r and Steinliofer, Ann., 617 , 35 (1935). 
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CIT2CII,ClICIT..Cn2 

1 1 1 
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CVJTe 

V 


VI 

ciKaioCiiciiiCiiciin- - 

-C11C11.CH.,C11— 

cii2cn..cii2CH2 

Celle Celle Celle 

Celle Celle 

Celle Cell 

VII 

VIII 

IX 


IMid^loy, IT(Muie, and Ti('i(*oslor ’^'Miave isolated 1,4-diplienylbutane 
(IX) by llu' action of sodium and alcobol on styi*ene and have accoixl- 
in^ly su^^('sted struct ufc ^dlI for the recnirrin^ unit in polystyrenes. 
It s(‘ems unlik(‘ly, lio\v(‘V(‘r, tluit su<*li a '‘head-to-head, tail-to-lail’^ tyP^' 
of st]‘uctui‘(‘ could yi(4d tlu' })yrol 3 iic })rodu(*ts whicli hav(‘ been char- 
acterized.^- 

V(uy r(H‘enl1y it has Ihm'U su«:e;ested that, polystyrene chains hav(' 
SOUK' nu'lhyl si(l(‘ cliains (X). dliis nuxins that some shift of hydi-ogen 
has occurred during the jKjlymerizalion. 



Btaudinger has sugg(‘st(‘(l that tlu^ (md groups on a polystyrene 
molecuh' an‘ liydrogen and an unsaturat(Hl grou]). Tlu* double ])ond is 
very difiicult to detc‘ct, and, though these end groups seem reasonabh', 

IT— fCIKTlol — (^=CIl2 

i 

_C gTTg n ©tlo 
XI 

they must b(‘ regaixhxl as tentative. Attempts to lab(4 the end groups 
by carrying out th(‘ ])olynu‘rization in the presence of substances such 
as sulfuric acid, acetic acid, acetic* anhydride, and methanol have not 
lielped settle the* pi'obhan. 

Tlicax* is (‘vi(U*nce lliat a large ]>ol 3 \st,yrene molecule may increase 
in molcH'ular wcaght. whcai plac(*d in frc\sh monomc'ric styrene under the 
])roper conditions. This would indicate a tcaininal double bond, which 
could (‘itlica* be reactivatcnl to combine with more' styrene or could be 

IUmhu', and l.cict'sU’r, J . Am, ('hem, Soc., 68, 1901 (1930). 

Kroj^a and Uarnoa, lUlbt Meeting of the Aincricaii ('hemical Society, St. Louis, 
Missouri, April, 1911. 

Iloutz and Adkins, J, Am. ('firm. Soc.f 65, 1009 (1933). 
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(*aptun‘d by luuv growing' chains of ])olysty]‘cn(', thus giving rather 
(*oini)lex branched structures. Such l)ranch(H slru(*tur(‘s liave marked 
effects on viscosity. 

Thermal polymerizaticm of styreiK' may also b(' carried out in solu- 
tion. The geiKTal is a slowing down of t lu' rcaiclioii and a decrtaise 

in the d(‘gre(' of the polymer. Th(‘ c^xact nature of tlie chang(‘, how- 
(‘ver, s(‘aans to vaiy with Hk' solvent. hLxlendcHl studies of the effc^cts 
have been cari'i(‘d out l)y Suess^"^ and I)}" Schulz. 

Carbon tetrjichloride shows a d(‘(‘i(l(‘d ability to depress tlu' average 
d('gr(H‘. of tlu^ ])olym(a*.^“' It may lx* that the role of this solvcmt is 
more than that (d‘ a, sinipk* dihuait, inasmuch as it has Ixam rc'portc'd that 
polystyj'(‘nes prc^pai’txl in carbon tcdrac'hloridi' an‘ Jialogen-containing, 
and that the amount of chloiim^ is roughly that rcxjiiiixxl for onc^ carbon 
tetrachlo]‘id(‘ p(‘i- polystynaie mol(‘cu.l(‘.^"^ Txaizc^iu^ and toluene, on tlu' 
other hand, seem to d(‘pr(\ss the degiei* mu(4i Ic'ss effectiv(‘ly than the 
othc'r solv(‘nts. 

Th(^ pi*o])(Tti('s of tlu^ ])olystyr(‘n(‘ mokxaik* ai’(' (k^ixaident not only 
on its clu'inical naluix' but also on tics siz(‘ and shajx of thi* mok'cuk'. 
It has bemi sugges((‘d that at k‘ast in solution the niokxadc' takes th(' 
form of a long r(xl. Such solutions ar(‘ ap])ar('ntly ti'iu' solutions in that 
the polystyrene* is molecularly dispea'sexi in a sohadexl form. ddi(' (‘Ucol- 
loidal solutions, for (‘Xam])l(‘, show no change* hi viscosity em long stand- 
ing or shaking eii- afte*!* eijx'rations suedi as suce‘e*ssi\'(* dilutions anel con- 
centrations.^*^*^ It is ejuite' ixassi'ole*, hejwewe*!*, te> ek'graek* the* iie)k‘cules 
in solution and lieaice* lo\\e*r the* viscosity. The rmal t i*e‘aime‘nt^, if prei- 
long(‘el, anel e*sp(*e*ially if e*arri<‘el exit at mexk*rate te'inpe'rat ure*s, re‘>ult in 
a inoleM.'ular ek*graelatie)n.'’^‘ AJex-hanical tnaUine'nts will ae*eomphsh the) 
same enel. l^)lystyren(‘ sedutiein.^ agitate'd in a ball mill slmw a ce>ntin- 
ue)us d(‘cre‘as(' in mok*cular we‘ight with ine*re*asing eluration eif tre‘alment. 
Teircing tetralin sedutiexis threiugh a platinum eirifie'e undea* e'einelitions 
kaiding to a higli d(‘gi*e*e) eif turbuk*nt sti(‘aming also elex*re‘as(*s the* mok'c;- 
iilar W(*ight.^*^“ it i^ peissibk' that the* rexllike^ shajx* of the mok*e‘uk) 
contributes tei the*, ease* eif shear of the sti*uctur('. 

If a pedymerization of styie*ne is carriexl exit in an e*mulsie)n of sfidium 

BreiU‘nbach and RikIdiXm, Monafsh., 70, :\7 (lO.'JT), ,I(>id(‘, ihtd., 70, It):? (19:i7). 

^27 (d) Suoas, rilch, and mulorf(M, Z. jfhijsiL. ('hrm., A179, ;?<d ll‘).i7); Orjtn. Chnn.- 
Ztg., 40, 2S7 (19:>7) , (/m Sik^ss and S]>niiK(‘r, Z. j)hijs,l:. ('firm., A181, M fll):?7). 

(a) Sediulz and IluscMiiann, Z. /)fti/,il:. ('h<w., B36, iSd (n):j7j; {hi Schiilz, Din^' 
linger, and Ilubeinann, dnd., B43, aso (iD.at)}. 

Bteitenhacli, Springer, and Abrahainezik, Orsfrrr. ('hrm 41, 181) (193S)' 
Brcitenl^ach and MascJiin, Z. j/hy.sil:. ('hrm,, A187, 175 (1940;. 

Standi nger and Frey, 7^^r,, 62, 2909 (1929;. 

^^YStandinger, Frey, Gaibsch, and Weliili, Her., 62, 2912 (1929;. 

Staudinger and Iloucr, Bcr., 67, 1159 (19:i4;. 
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oleate tlic^ result is a lat('xlike suspeiisiun in Avhieli (he molecules appear 
to be s})herical, since iMnsban’s viscosily law, bas(^d on (lie assumption 
of a sj)herical form, is obey(‘(I. TIk' poIynuT may be precipitat(‘(l, how- 
ever, jusi as rublxT is obtairaal from lat(^x, and aftca* drying and dis- 
solving in benzcTK' th(' usual abnormal viscosity, charactcTisI ic of a rod 
shap(‘, ap])('arsJ^’^ d1iis (Uanonstrales lh(^ influence' of the medium on 
tlu' nataire of llu^ mokaailar shape'. 

Tli(' assumption that the' moh'cuk's are' e'sse'iitially rexllike in nature 
forms the' basis fe)r Stauelinge'r’s re'lation b('tw('('n the'. visce)sity of such 
solutions and the' moI('e*u!ar weight e)f the' dissolve'd material: 


M 


- - X T" 

A m ( irrn 


in which M is tli(' mok'culai' we'ight, K,,, a (‘onstnnt, tlu' spe'eafie^ 
\’is(‘osily, and the' eeaie'e'uti'at ion ol polymea* expie's^e-el in te'iins of 
the' e'one'eail lation of the* inoneme'i' in mol<’> pea' lite'r. d'his j‘e'latie)n may 
also be' ('Xi)i*e'>.se‘el in te rms of the' ele'gre'e' e)f ])e;lyn e'rizaliem in whie*h I* i*^ 


P 


J v-'tv 

A,. ^ P 


the' nnmbe'r of mononu'rie* units in the* ])olymer anel C is the' e*once‘nt]'a- 
lion of the' polune'r in giain> ]>(‘r lile'i'. 

Jh)th th(‘S(‘ le'lations aie' xaliel if the' ])re)]x'r A'alue' fe)r K is e'hose'U. 
Tli(‘ ])rol)lem is e'emi])licate‘d because any mole'e'ulai-we'ight \'alue' must of 
lu'e'e'ssity lee* an ave'r'age' value, anel be'e'ause' the'i'e' are' \'c'rv le'W me'the>els 
e)f estimating me)l('culai' we'ights in tliis raiige'. ne)W'e'\'('i-, tlu' utility e)f 
St auelingi'r’s \isce)silv me'the)el has be'e'u e*e)nii]*nie'd in ])iactice*, e'spc'cially 
with ])olystyre'n(‘S. Se'hulz has de'inoust rtded, tliat the' e)snie)ri(*-[)re'ssure 
ine'thoel may also Ix' aelapte'el tee yie'lel me)]e'e*ulai’-W'e‘ight value's. d\) 
e)))tain signilie'ant value's it is ne'ex'ssary te) use' a ])nl\nu'r fraction e)f a 
re'as()nal)ly nai'i'ow meele'eadar-we'ight range'. 1 lie'se' value's are' in ace'orel- 
ance' with the' re'sults ebtaine'el thre)ugli the' use' of the' ultrae'e'ntrifuge^^'^''^' 
and may the*n be' use'el for tlie' de'te'rminat ie)n e^l the' \ alue' e)l the' e*e)nstant 
in St auelinge'i’ s fe)i‘niula.^''‘' This ('e)nstant is the'u use'iul e)A e'r n(‘iglil)ejr- 
ing range's e)f mole'eailar w' ights. 

Occasionally se>nu' eliilie'ulty is e‘ne*e)untere*d in the' use' e)f vise'osity 
nie'the)els. dlie' me)le'culai we'ights be'e‘e>me' al)ne)rmal, especially unele'r 
(‘e'rtain e*ii‘e*unistanea's, suzh as high-te'nij)erature' pe)lymerizatie)ns. Ihis 

St;iu(linji:('r and T1 U‘^(‘nianTi, /w?'., S8, leiai en).‘)5), 

(fO St au(linfi;oi and Scliul/., />^/., 68, aii'jn e/d Schulz, ihctti,, 

A176, :u7 (ia:U)j. 

Si^iaM, 'rnin,'^. Faradait Si>r., 32, 

Schulz and Dinf'liiige'r, Z. ('lutn., B43, 47 (lOaO). 
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mny be due to tlio introduction of a small d('^J!;roe of branching in the 
molecular structure. It has been sugj 2 ;est(Hl tliat this is due to 
an infn^quent activation in the para position, with consecpient (*hain 
branching. It is also possible that tlu' bi-arichinj;- oc(*urs in tlu^ 
fashion previously not(‘d; that is, that a lai'^o stynaa^ mohauile is im^oj- 
porated in a p;rowin^ chain through its t(a*ininal double' benid. In tJu'rmal 
])olynierization an increase in t('in]>('ratur(' incri'ase's the gross ra1(^ of 
reaction and decreases the' chain k'ligth of the molecuk', and both theses 
effects (contribute to an incnaisc' in tluc conca'iitration of doubk' bojids at 
any ])arti(*ular time' during the ])olym('rization. This, coupk'd with Ihcc 
gc'neral aedivating infliu'iice of a t(an]K‘rature riscc, may t'X})laiu the 
obscTved (effects. A confirmation of the ('xistencc' of some ramification 
in polystyn'iie molecu]('s has Ik'C'ii obtain('d by Sigin'r fnan studic's of 
the stn'aming double lefi-action of polystynaie solutions. 

The introduction of cross-linking into llu' molecule leads gradually 
to polymeric products with decieasc'd solubilitic's. It was obsc'rvc'd in 
som(' of the earli('r work on polystyrene's that some' pix'parat ions from 
industrial styrene wenc harder and k'ss solulde' than othe'rs. Inve'sti- 
gations of the starting matc'rials reve'ah'd tlu' pri'se'iuce' of small amounts 
of divinylbenze'iie (XII) in the styre'iie. Divinyllx'nzeaie' itsedf is ca])- 
able of })olym('rizati()n to form a struc'ture' sue*h as that illustrate'd by 
formula Xlll. As would Ixc c'Xpe'cte'd from this type' e)f st ruediire', tlie' 
medeccule precsents a thjx'e'-diinensional a‘'])ee*t and is hard and insednbk'. 


CJI=CIl2 



I I 

— (dl— (Th— ClI— CH.- 


xiir 

137 SigTicM', Hch. Chhn. Acta, 19 , 897 ( 1930 ). 

138 LeHt>ieaii and Dolnrhat, (Utmpt. rend., 190 , 083 (1930). 
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It was found that the introduction of as litth; as 0.01 per cent of 
divinylix'nzcne in styrene ath'cted Ihe character of tlie resulting poly- 
nier.’®'’ It bcu^anu', of course, harder and I(‘ss solubk^. An increase in 
the divinyllx'uzene content to about. 0.1 per cent resulted in a product 
which stilt swelled on contact with solvents such as benzene, but which 
Avas almost c.om])lete]y insolublf',. With moi’e than 1 ))er ccnit of dmnyl- 
benzene, the polynnn- was a hard glass, impt'rvious to solvents. 

The insoluble polystyj-ene is very .similar in appearance to the ordi- 
nary soluble .styrc'Tie polymer, and is of the same general chemical struc- 
ture', exeec'pt that tlu' linear polystyrenee moh'eaih's are bound together 
at. more or less infreeiuent, intervals by divinylbenzeme units. This is 
illu.strate'd in XIV: 


- CII,-(’II- -('II.,— (HI -Cl b: -Cll- Clb,— CH— CIl,— CTI— 

I I I 1 



-cm,- (Ml (Ml. -CMl- (MTo- (MI-CMIo-CMl— CMIo— CMI~ 



xn 


lli(‘ rffrets occasioiu'd by varying; tho ivlativo amounts of the two 
moh'cular spia'ies hav(' Ik'cii iiiv(‘sti<i;at(‘(l by Staudinjj!;(‘rM‘^^ Only a very 
Muall comaaili’alion of divinylbenziaH' is suffici('nt to liring about ti non-’ 
s\v(‘llin^ (‘.ondition, but as this eoneeiil ration is lowered ihe pohmier 
jAiaduaHy tak(‘s on a sw(‘Hin^ eharaeUa* and becomes partially soluble. 
\Mih still lowin' amounis of divinylbeiizene, in the nei^hboiliood of 
0.0025 ])('!• cinit. or h^ss, the polymer becomes soluble, but the viscosity 
of su(‘h solutions is alinoi’mally hi^h. For example, a 0.0025 per cent 
divinylbenzinu' polymc'r olitained at 100° displayed an rjsp C value of 
ll.b, as cx)jnpai‘(‘d willi tlu* value 21.5, taken under the same conditions, 

Staiuliiijj(‘r and Tleuor, i>cr., 67, 11(>4 (iVKil); Staudiiigor and Husemann, /icr., 
68, nns (laaf)]. 

^'^‘MStandinjxer, IJoucr, and ITusoiuann, Tratus. Faraday Sac., 32 , 323 (1930). 
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for a polystynaK' also obiainod at In ^onoral, although no fixed 

n^lation exists, inenaising the (*luun length of the ]K)lystyr(au' molecaik^ 
d(H‘reases th(^ ainount of di vinyl) )enzen(i n^quired for inducing swelling 
without solution. 

It has b(H'n hnind that, varying with the conditions, one molecule 
of divinylbenzene for every 10, ()()()- 50,000 nu)l(H;ul(\s of styrcuK^ is suffi- 
cient to indnc(^ a markcnl (Th'ct. This corrc^sponds to less than one 
molecule of divinyll)enzene to every polystynaie moU'culc^ so that, 
something besides a purely integral valcuice l)onding is (‘ffta^tivc' in })r(‘- 
vcmting solution. ()bs(u-vations of solul)ility ph('iH)nu‘na displaycxl by 
pol^^styrenes of the v(uy low-divinvlb('nz(‘ne-content vari(‘ty show that 
they are slowly atta(*k(Hl by th(^ solvcmt, and tliat v(Ty gradually a sort of 
(‘xtraction tak(‘S i)lace and soiiu' liiu^ar ])olystyr(‘n(‘s of tlu' normal ty])(' 
find their way into solution. It is a])])arent, lh(‘nTon% that soiiK' sort 
of ‘'^nc'tting (Tu'ct” is j)r('s(ud ; ])ossil)ly th(" crossdiuk(‘d mokaailes ar(‘ 
int(Ttwin('d with sonu^ of the linear mokaaik'S and hence hold thcan fast 
Compounds fitting the charact(‘r of divinyll>enz(Ui(‘ in this particular 
instance' have' be'e'ii re'fe'i'renl io generally as lu'tting ag<'nts. Obviously, 
thc'v must contain at k'ast twe) ekaible' bonds capable' of incorporation 
inte) the (d)ain. In an e'xte'nde'el inve‘stigation involving styrene' and a 
]iumber of other mononu'rs, Norri.sh anel ErookmaiC’^ lla^'e founel a 
nunibe'i’ e)f such ageaits, which in ek'cre'asing oi'de'r e)f c‘ff('f*tiv(‘U('s,s ai‘e 
divinylaex'tylene, elivin^dsultiek', divin\ Isulfone', anel he'xatrieau'. Tho^e' 
vhie li are' re'latively iiuiffe'e'tive'. are' divinyk't he'r, di\inylsulfoxiek‘, eliallyl, 
anel ise)])rene'. ]Many other exanij)k‘S e)f such ce)mpounels anel tlic'ir ai)j>li- 
cations are appe'aiing in tlie pate'iit lite'iat ure'. 

Acrylic Acid Derivatives. Aeaylic aciel was di<ce)\ e're'd in 
and the^ })roi)erti('S of its i)olyme‘r Avere' ek'se'ribe'el in 1S72.^^’^ Thei 
ce:-m('tlyylacrylic acid deriA^ati\^r‘s aax'IX' elise*e)A'(']‘e'd in anel the fae*t 

that, thi'y Avould ])e)lyine‘riz(*- AA^as re'cognize'd i>y Idltig anel Paul in 
bS77.^^'^^ The* te'chnie'al ek'AxIopme'nt in this fie'lel apparently elate's l)ae*k 
to the re'se'ai-edie's e)f Otte) Redun.’**’ Me'ihyl methae'iylate ])olyme'rs have 
bee'll in ceimme'rcial jireielue-tioii in the* Unite'el State's sine-e* about llk)7. 

Tlie large-scale* manufacture' eif the acrylate* ])olynie‘i-s is base*el ein 
cheap productieji) ejf the monejincric. e'ste'is. The* re'acliein betAve'e'ii 

Nonish and Binokinan, Proc. R^nf. Sur. {London), A163, 1*05 
^^2 lecdtnnbarhcr, Ann., 47, lid (JS-i:!). 

Linnoinanii, Ann., 163, ae;<J (1S72). 

I'ranklaiid and l)n})pa, Ann., 136, 12 (lS(‘.r>). 
and Paid, Ann., 188, 52 (lS77i. 

C). Polnn, “PIkt I'nlyninfi/atn n F^rodnktn dcr Akrylsaurc,” 1 lissortation, ’'rubin- 
geii (1901); V. Pochniann and Unhni, Pc., 34, 427 (1901); Ibdnn, Pc., 34, r>7d (1901); 
Rohm, German ]>alent, 202,707 (1912;; U. S. patmd,, 1,121,134 (1914;; Cerman j>ateiit, 
295,340 (1915). 
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ethylene eliloi’ohydrin and sodium (yanidc' giv(\s jS-hydroxypropio- 

110CTI,(dI,Ci + NaCN -> 11()(TL,C1L>CN + NaCl 
non/ 

^]i2S04 

Cl I ,=C] l( HJ 2 R C H2=C ITC N 


nitrile, whieli on dehydiation yi(‘lds arryloiiilrile, on 

d('liydra1i()n, liydrolysis, mid t\st(‘ritieation yields tli(‘ alkyl acaylaU's, 
CII 2 — ClICOoK; and on d('hydration and h^^drolysis yic^lds acrylic, 
acid, CII:>=(dICOMI. 

a-]\I(Mhyla(‘rylic acid (II) is ])ro(luc(xl from ac(‘t.one Ihrougli th(‘, 
cyanohydrin (T). trealiiKait of the cyanohydrin with an alcohol 

and snllui'ic acid it is ])ossil)l(‘ to j»;o diiXH'tly t(.) the alkyl <:Y-methyla(*rylate 
methyl estei*, commonly calk‘d methyl m(Tha(*rylat,(^, is 
the most important. (\st(‘r of this type. 


;(H) 

(dl/ 


nc’N 

- " > 



I 


CH.>=C—C().>T1 



Clh>=C— COoR 
CIT3 


in 


ddi(' acrylat(‘s and ]n('thacrylat(*s ar(‘ r(\adily ])ol3nneriz('d under the 
inl!uenc(* of heat, lii^lit, or jxa'oxides.'^'^ Jjenzoyl [n'roxide is one of the 
most (‘ommon of tlu‘ catalysis. Oxy^xm will catalyz(‘ lh(' ]X)lymerization 
although an ('xci'ss of oxy^eai acts as an inhibitor. The acrylate poly- 
nuM's (IV) m‘(‘ apjianmtly lonji; (‘arbon (‘hains with ('ster piroujis on altia- 
nate carbon atoms. In the met hacrylal(\s (A”) the irndhyl substituent 
is also on tlu^ carlion atom carrying the est('r group. The end groui)s 
may Ik' hydrog(‘n and an ok‘fin r(‘sidu(* although this is not definitely 
( stablished. Riaxait woi*k on th(‘ kin('ti(*s of th(‘se jiolymerization 
reactions indicati's that oiu' laid gi‘ou]> may come from the jieroxido 
us(‘d as a. catalyst (p. 775). 

II-rCdloCTI— CIITTT - 1-CH=CII 

'll I 

C'OoCnis ('O-niaJ,. CWITs 

IV 

Rohm ;md Hums A.-CJ , CJiMiimii p.'itciits, 3(i5,a5() (RUO) ; 571,123 (192S) ; Bauer 
U. S. piilents, ],:iSS,mO (19211, 1 ,S29,20S (1931). 

impeiial ('heinieal IiKlustries, la.tl., British patents, 405, (>99 (1934); 419,457 (1934) 
Ri4im and Haas A.-(h, BiitisJi patent, 304, OSl (1930). 
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In kf'oping wiili (bis strucfun! (V), polyiiiclliyl iiK'diaciylato may 
b(' d(‘gradod by heat to dimeric and liimcric ])i-odnc( Polymethyl 


II— 


Clh (dla 

I I 

CM^-C-CU^^C 

I I 

CiUVJh 


(^11.3 

—cn=c 

n COoClI;, 


a(*rylaic cmi l)o hy(lr()Iyz(‘(l with alkali to iiwc the* salt of a })olym(a’i(*< 
a,(*i(l; it miots with in(‘ihylina,ii;iu‘siinn iodiik* to ^iv(‘ a ])olyah*ohol ; on 
licatin^>!; with aininoiiia it, yi(‘l(ls anh(l(‘s a?i(l iini(l(\s. Polyiiu^thyl iiu'tlui- 
rrylatc^ does not, iind(‘ri;o tlu'sc transformations Ix'caiise of stc'i'ir hin- 
drance. 

Th(‘ ])()lyiiK‘rs vary in irioleciilar wen^ht, depemdin^ on the conditions 
iind(‘r which tlu\v are prejiannl, hut. tht^ conun('r(*ial ])roducts are in tlu^ 
n(‘ij 2 ;hl.)orliood of 10, ()()(). Th(' ])olyest(Ts an^ inso!ul)l(‘ in wati'r, alcohol, 
and aliphatic hydrocarbons, i^thers iiv.i as sw(dlinji; aj;*ents rather than 
as solvcuits. Aromatic hydi’ocarbons, kedones, (^stc'rs, chloroform, -s*///?/- 
tet i’achloro(‘than(‘, and som(‘ otlun* a(‘tive hydro^'('n comi)ounds are ^ood 
solv(mts. Polyaciylic a(*id is slowly soliibk' in water. Its alkali salts 
are n‘adily wat('r-s()lul)I(\ Polyacrylonitj'ih^ is highly insolubk^ in all 
common solviaits. This is probably In'caust' of a cross-link(al striictun' 
due to liydro^’cm bonding- IxdwcHUi tlu' activ(‘ m(‘lhylen(' Lytlro^ini of oik‘ 
chain and th(‘ nitrik^ ^roup of another. It has b(‘en shown that a l,d- 
dicyanidc^ such as trimetlijdeiu'. cyankk^ is highly associatc^d ^’'M)y such 
forcc‘S. 

Tlie TiK'thyl methacrylate polym(‘rs are mark('1(Hl und('r such trade 
names as ^^Plexiglas/' '‘(Tystalite/' and '‘Lucitca” The products are 
light in w(Mght, tough, and (‘lastic. Th(*y hav(' good optical trans- 
parency, are stable to light, and are permanently th(‘rmoplastic. The 
shecd material is wide^l}^ useal in air])lane inanufacture. The powdereal 
material is useal foi- molding toiled articles, kmsf'S, furniture', etc. 

Semre ])atemts^’'“ have' ben'ii grante'd for modifie*d acryladc' pedymers 
which are hareler anel he'iice mere' suitable*, for the* manufacture of 
spectae'k^ kmse's. This harek'iiing is achie'\axl by the aeklition of agents 
which cause* sejine cross-linking. IMedhaeaylie*. anhydiide* and e'thylene 
me'.thacrylate are^ type's e)f reage'iits whiedi have* be'C'n sugge*sted. These* 
ol)viously act like^ divinylbenzeaie* when mixe'd with styrene. 

SUiiidiiiKor aiul Ui'cch, Ht Jo. ('him. Ada, 12, 1107 nOliO) ; SOiiulinf^er and Kohl- 
Sf'huUer, Bcr,, 64, aiiOl (loai); Staiidiiif'er and d’roniniHdorff, Ann., 502, 201 (I9.‘ia). 

C'opJi'y, Zellljoefor, and Mar\pl, Ain. (lain. Soc., 62, 227 (194ejj. 

^^*2 Hill, British patent, 423,700 (1035; ; Kistlcr and Barnes, U. S. })atents, 2,189,733 
2,180,735 (1040;. 
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Tlio alkyl a-haloaorylaU's (VI) aro of tlu'on'tical interost since' ibey 
appai’cnll}' i)olynicrs (VII) wliicli have llu' units arranged in a 


CH>=CT1 

I 

I 

CO^CHs 

VI 


ni,C('l CCK'H,. 

I ! 

(‘C>2('Jl3 COoCMIs 
\1I 


n 


head-lo-head, tail-lo-tail fashion ratli(‘r (lian lu‘ad-lo-hiil, as is the 
common arrangeancait of monoiiK'r units in a polymea* (*hain. The fact 
that th(‘se ])olym(*i-s ha.\'(‘ lialogeais on a.djaccMit caiLon atoms is shown 
l)y theii* lil)(‘rating iodine' fi’om solutions of ])e>tassium iodiele' in pt'i'oxiele'- 
fi'e'O dioxaiH' solul ion J’’"' Othea* r(‘ae*tions and ]>hysi(*al pi*ope‘rtit's (H)r- 
re)])orat(‘ tins e\iel(aic(' for tlu' unusual arrangr'ine'iit e)f nuaieaiK'r units 
in tlu' ])e)lym(‘r cliain of tlu' ^v-haloacrylat(\s. 

Vinyl Esters. A’inyl aea'tate' (1) and vinyl chloride' (IT) are' the' most 
im])ortant. of the', vinyl e'ste'is which re'adily yieEl pe>lyineric pre)eliie*ts. 

c ii "1 1 ( )C( )( M I, vn 2=C^ i I Cl 
1 u 

Jk)th are re'aelily available' from ae'e'tyle'ue' by the' aelelition of acetic aciel 
and hydroge'ii e‘hle)ride', re'spe'ctixe'ly. IkmmaniC''^ anel ()stre)itiyssl('n- 
skii did the e'arly we)rk e)n polyvinyl halidf'S. Stnuelinger anel liis 
stude'uts (U'seribe'd many of the' chemie*al ])i-e)])ertie'S e)f the ])e)lyvinyl 
halide'S anel ('e)ne‘luele‘el that the'se polymers luul haloge'ii on alte'rnate' 
carbem ate)ms ale)ng the' ('arboii chain (III). This A’iew" e)f the^ strue*line‘ 
was coiifirnu'd })y a study of the' re'action Ije'tweeai zinc and an e'xtreine'ly 
dilute solution of polyvinyl e*hloride' in eIie»xane'J'‘" Und(‘e* tlie'se' condi- 
tions of high ejilution zinc i*e'move‘S clilorine atoms frean the* polyx'inyl 
e'hloride' moleeaile' until about 81-S7 ])e‘r e'eait. of the chlorine* eauitent 
has be'cn re'inoAe'el. The' re^maining ])edyme'i' is soluble', inelie*ating that. 
lU) ciuss-linking has ace'oinpauie'el the re'iuewal of chlejiine*. I1e>ry has 
caleaila1e*el that S(». I7 pw cead of the edilorine* wa)uld be* re'inove'd fre)m 
a ])edyvinyl chloriele having hale)g('n in the l,3-pe)sitions (111) if the 


--CjCCIKMroCTICII.CIICdCCTlCir.ClKTI.CIKdCClKUIoCIlClIoCH— 

I I I I I I I I I 

Cl Cl Cl Cl Cl Cl C'l Cl Cl 

HI 

Miirvc'l and e 'owaii, J. Ant. (*hctn. Soc.y 61, ai5e> (193^). 

^^M^auniuiui, Aim., 163, 308 (1S72). 

( )sti oinytshlen.-kii, J. liusfi. (luni. Sac., 44, 204, 240 (1912). 

Stau(luip:or, Hiuiinci, aii<l I'eifcist, Hilc. Chmi. Ada, 13, 805 (1930). 

Majv(4, Sample, and lUiy, J. Am. ('ficm. Sac., 61, 3241 (1939). 

Elory, dad., 61, 1518 (1939). Soo also Wall, ihid., 62, 803 (1910), and Siinha 
ibid., 63, 1479 (1941). 
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removal follows statistical laws. The fact that not all the halogen is 
removed is due to isolation of chlorine atoms between reading pairs. 
Similar statistical calculations l(‘ad to tlu^ conclusion that only Sl.bO 
p(T ccait- of the chlorine should b('> removal^le by tlic^ zinc n^iction in a 
perfectly landom arrangennint- of vinyl chlorides units in the polymea* 
chain. Ilcaice, the evidcaice available indi(‘at('S that all the vinyl 
chloride units in the i)olymer (*hain ar(i arrangc'd in a head-to-tail 
fashion. 

Commercial polyvinyl chloride is a high-ni(‘lling, rather insolubh' 
pol^unca*. It can hi) softcaied l)y the addition of tricavsyl phosphate',^*’'* 
and th(‘ polynua’ thus plasticized, se)ld under tlu' trade' name e)f ^‘Koro- 
seal/’ finds many use's a.s a substitute lor rubbe'r. 

Pedyvinyl chlenaele has a te'nde'iuy te) elarlo'U on e'X})e)sure' to sun- 
light., anel this has be'e'ii attributeal to the‘ le)ss e)f hyelre)g('n chloride. 
This se'cins to be' a semnel e'xjdanatiem e)f the' format ie.ai e)f cole)r. It will 
be ne)te'el that le)ss e)f e)ne‘ hyelroge'ii chle)ri(Ie' inole'cule' will make' the' 
adjacent chlorine an allyl chloriele' (I\’)j whie*h will be' e've'u meav like'ly 
to re'act again than will an ise)late'el chle)i-ine atean. Ile'nce', pe)]y('n(‘ 
chains (\') whie*h are' highly e*e)le)re‘d will l)e‘ se't up wlie'iie've'r hydroge'ii 
chloriele is le)st. Ce'rtain stabilize'rs are use'el te‘e*hnieally te) ave)iel the'se' 
react iems. 


cir— c'rioC’Tr— ( ii.r 

1 1 



('Tl=('ll -CII -Clla^ 

1 

ri 

^'1 


IV 

— [(TI=( TI— ( d I=( d I ] , ~ - 


Peilyvinylidene' e-hleiride' (Ad j was lirsl syste'inat ie'ally stuelie'el by 
Staudinger anel hVisst anel the* strue'ture e.'^t ablislu'el a> a he'ad-1 o-tail 

— ClloCrio- CdI,Cri,— (dl.CCl, 

VI 

polyme'i*. The product is now in eajniine'rcial ])re)eluctie)n in this country 
and is markc'te*el unele'r tlie traele' name e)f ^‘Saran.” 

Polyvinyl acetate' has been studie'el l)y sc've'ral inve'stigat e)rs. Ile'ir- 
manid^^ and Staudinger^^" were ame)ng the first te) ele'sea'ibe ae'curalely 

Brous and Sornon, IruL Kng. Hu m., 27 , (J(i7 (19351 ; Sdioenfold, Binwius niul Brous, 
ibid., 31 , 904 (1039). 

Staudiiiger and J^cisst, II vh. (him. Acta, 13 , <S32 (1930). 

Herrmann and llaehiud, Bcr., 60 , 105S (1927). 

Staiidinger, Frey, and Slarck, Her., 60 , 17S2 (1927); StandinK(‘r and Schwalbaeh 
Ann., 488 , 8 (1931) ; Standinger, Her., 59 , 3019 (1920j 
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the reactions and properties of this polymer. The ordinary })olyTner 
lias a moh'cular wei^lit of apin'oximately 20,000 although sa.m]:>les with a 
moh'cular weight of 80,000 hav(‘ Ix^en obtainc'd. The polymer is clear 
and colorless, and sofb'ns at SO-TO'^. It ])ossess('s good stability to liglit 
and heat, l)ut. its low softening point ])r(‘vents its su(*cessfiil use as a 
molding c-om]K)und. It is veay solubk^ in alcohols, ketones, esters, and 
(‘ven aromatic* hy(lro(‘arbons and halogenated ali})hatic hydrocai’bons. 
AVhen the* polymerization is (*a]-rie(l out in the* prc'scaice of chloroform, 
the polymea- contains (*hlo]*ine. 

Hydrolysis of polyvinyl acetate* (A IJ) can be rc'adily acc(jmi)lished 
to give wat(T-solubl(‘ ])olyvinyl alcohol, (Alll). 

— CTloCHl- ' -Cl I oCMlCTlodl— 

II "i I 

ococii:, ()(X)Cii3 on on 

\'II Mil 


Staudinger rc'c'ognizcal tlu* U‘«^(Tulness of this n'action in his work 
on struc'turc' proof. He n'portcal that oxidation of ])oly vinyl alcohol 
with jiilric* acid gav(‘ oxalic and su(*cini(* acids. This indi(‘ates tlic^ 
])ossibilily of some* hcaid-t o-Ju*ad, tail-to-tail gi‘ou]‘S (I.X) in polyvinyl 

- (db/dr-CTICIh/ 

I i 

on on J„ 

IX 


alcohol and hence* also in |)olyvinyl acc'tate. A more re(‘ent. study of 
])oly\inyl alcohol sliowcal that no 1,2-glycol structui’o was [)res(ait. 
siiK'C* th(‘ ]>olyni(a' (‘oiild not Ik* oxidized by pea’iodic* acid, wTich is a 
s|)t'cifi(* oxiciizing age'id for this structural unit.’^^ 

PolvN'inyl alcohol has b(M‘n uscal to make* oil-r(‘sistant tubing. Its 
j)rincipal apjilication is in the* manufacture of tlu* ac^c'lals (X), which 


ClIATlCTHCdlCliAdlCHoClICIlATI--- + 
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Miirvcl aiul Denoon. J . Am. Chem. Sor., CO, 1045 (lOHS). 

Malainadi', rniil.. 186, :{S2 Hull. .sar. rhii„., [.5j 1, S;« (I!):i4); Kleiiry 

and I'atoino, ,/. jiliuriii. cluiii., 1S| 21, -17 (UW5); Karioi and Iliiohata, Hrh. Cliim. Ada, 
16, 050 (lOIJ.’ij ; .lacksoii and Ilndhon, J. .Iw. Chem. Sec., 59, 11040 (,1‘037). 
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serve as Ihc inner layer for safely f>;lass. In the prf)C(‘ss of accital forma- 
tion some of the hydroxyl groups beconif' isolaled just as ehloiine atoms 
are isolated in the zinc d('halog('nation of jiolyvinyl ehlorided'^** These 
aecdal resins aj’e rc'sislant. to water, have exeellent liglit resistance, adlierc; 
to glass, and ha\a> a high (h'gree <vf elasticity. 

Miscellaneous Vinyl Polymers. M('thyl vinyl ketoiK* (1) and methyl 
isopropylidcjie ketone (11) polymeriz(‘ naulily and have been under 

(TI 3 

Cl r,=c 1 icociis Cl I ,=( - coc 1 1 

1 n 

consid('ration as industrial plastics. Tin' i)olymcr of methyl A'inyl 
ketoiK' has becai shown to have a head-to-tail or 1 ,r)-dik(d()n(' struct lire 
(11I).‘«" 

— C]ICJ1,(J11C1C— 

1 1 

CO CO 

I 1 

CIl, CHs 

III 

Vinyl ('ilu'!’ (IV) ^nul diviiiyl oIIkt (\') liave boeai used to some oxtcnit 
hut Tiuiiidy as (‘onstitiK'iil.s of oopolynaas (p. 7o7). \'inyl(‘a]i)az()k‘ 

IV V 

(VT) has l)(*(ai ])alon1(‘d, as liax'o many otlua* arylatf'd \'inyl ty])('s. T]i(‘ 
(•oiiinarono (VII) and indcaio (Mil) ])olynua's lia\'<‘ r(a‘(iv(‘d considta- 



C]I=CTT2 


VI VII Vi 1 1 

al)le study and have atJaiiu'd some ])rae1i(*al impoi taiua^d^*^ 

IVI;irv(‘l tmd 1 ('\ost|iU', ,/. Atn, ('hrrn. Soc,, 60, LIS() (HiaS) ; 61, 3Ja4 (lOaO). 

166 1 {(.pi,t. Kcy.shncr, Gernitiii OlS.lLM) ( 19 a 4 ). 

Sloiibo and I'ailxM, Hi t., 57, Isas (IDiil), AVhitl'y anti Katz, ./. Arn. (hern. Sor., 
50, 11()0 (19JS), liisi and Cdaiivin, ('a?t. J. I^t^stanh, 13B, 213S (19^5); Ucrjrniaiiii and 
Taiibadol, 65B, 40,4 (1942); Shctdiaii, Kelly and Caiinody, I/ul. E/it’. ('him,, 29, 070 

(1947); Carmody, Sheehan, and Kelly, ibid., 30, 245 (194S); Cannody, ibid,, 32, 525 
(1940). 
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Copolymers 

When two diffci‘ont vinyl derivative's are mixed in the niononu'ric 
state and then polynu'rized, tlie're' is often produee'd a mixture of eopoly- 
mers wliich contain ])o1h llie inononK'Hc units in simple chains. TIk' 
technical developmeuit in tliis fi('ld is far ahead of the* scientific litera- 
ture. Not ('very })air of vinyl monomers can be convcatc'd to a c()i)oly- 
mer, and th('re are soiiu' ujonouK'ric ethyl('ni(*. (h'rivadives which will 
('liter into c-ojiolynu'rs lait will not- the'nivse'lvi's pejlyiiH'rize. 

Perhaps tlu' bc'st-known ^rou]) of copolymers ai*(^ tlie ^^X^inylitc's/’ 
which contain difh'n'iit- ratios of vinyl chloride and vinyl ac('tale. It is 
an inten'sting fact tliat vinyl a(*(‘tate alone polynaa'izi's more rajiidly 
than vinyl chloride'; howevea', wlu'n th(‘ two mononiers a,r(' mixi'd and 
tlu'ii }K)lym('rizatf()n is ('ff('ct('d, tlu' ])olym('r first- formed is richer in 
vinyl clilorid(‘ than is the‘ mixtun^ of moneimea's fi'om which the jiolymei* 
is foniK'd.^^'^ Sin(‘e the' tve) mononua's do not. enter the' iiolyuK'r chain 
at- tlu' same' rate, tlu're' pioliably is a diffeax'nce' in (‘oni])osit ion in e'ach 
])olyiu('r cliain tliat is laid down diu' to the* (‘liange in ceinee'ut ration of 
the monomers in the' unpolynu'iize'd frae'tion. Pliis fa(*t is not stall'd 
sp(‘citie‘ally in the litea’atuiea but a. liint e}f it is ghaai in a- ])at('nt,*‘''‘* by 
the sugge'stion that more' uniform copolymea’s (*an be' obtained by 
adeling one* e*e)inpe>n(‘nt graelually te> the' jiolyme'i'izing mixture'. 

Styre'ue' and male'ie* anhyelriele' form a he‘te'ro[>olynie'r.'^’ dlie^ most 
re'aelily ])rodue‘cd ])e)lym('r contains one' styrc'ue' unit, for (‘ae'h nuikac 
anhyelriele' unit arrange'el in a >ysteanatie fa>hie)n. A peilyiner e'ontaining 
more t han one‘ molee*ule' of styreaie' for eaie-li mole'(*uk' e)f male'ie anhydride' 
can ])(* ])re)due*e'el, but it is not ee'rlain that this is not a mixture of poly- 
styrene' and the' (‘opolyme'r vith a 1:1 ratio of the' monome*r. 

A st uely has bee'ii mtiek' of the' e‘()]>oly me 'rs of nu'thyl nu'thacrylate' 
and butaelie'iK' ])repar('d fi-om e'eiuivale’nt ejiiantitie's of the' moiiome'i's 
by the' (‘inulsieui te‘e*hni(iu('. Ozonization eif the peilyiiK'r (P gave the 
mononu'tliyl ('sU'r of a tribasic ae'iei (11) in about 50 per (vnt yields. 


Cl I, 

1 

Cl 1 ,C1 1- Cl ICl I vCCl I ,C1 1 AML CWCU,-- 
1 

CihVU, 

1 


cn. 

> iio.cx^iisrx'ri cn.co.ii 

ii,-o 1 


CtLClla 


II 


Sl:indiiigor and ScliiK’idni h, Ann., 541 , 151 (19591; Mar\nl and .tones, unpnblidKxl 
data; st‘o Wall, J. An). (Inn). ASer., 63, Sl?l, ISei'J il9iln 

liken tscher and 1 len^rslenbct^r, U. S. patent, ‘J, UK), 990 (19.‘)7). 

\5)ss and Dieklkiusci , IT. S, patent, 2,0 17,59S (192>r)); HopfT, K , 28, 2Nr 
(1958). 

Hill, Lewis, and Sinionseii, Trans. Faraday Soc., 35 , 10G7, 107.3 (1939). 
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This proved that this eoj^olynM'r is mainly made* np of ih(' t wo monomers 
oeeuning alternately in th(‘ ehain. Some dimethyl ('st-('i’ of a t.et,ral)asic 
acid was also formed and isolated as th(^ tetraniethyl est('r (III or IV). 


Clh 

I 


Clh Cll, ClI, ^ 

ihCOaCCHoc'jCII, CClhCIhCO.CII;, HjCO,CClT,(^;Cip.CIt,(|lCll.,CO,CIIs 

io,cti:, co.ciE co.ciia co,cri 3 

III IV 


Wliik' tli(‘ (‘xa(*1 si 11 1’(‘ of tliis 1(‘tral)asic acid was not (Ictc'rniiiK'd, IIk^ 
isolation of a pi'odiici of lliis conij)osition shows that sonu' of tlu‘ inono- 
mcric* units arc joined in an irrcji;ular iashion, as siM'ins to he true ior 
the Vinylites.” 

jMelville^'- has des(*ril)(Ml tla^ ])r(‘i)ararK)n of sonu^ int(a’(‘s1in.i;; c()])oly- 
iners. A vess(‘l was fi]]t‘d with tlu' vapor of a polyinc'rizahle niononua* 
and irradia1(‘d to start ])o]yinerizalion. WIumi tlu^ polyiiK'j-izalioii was 
well und('r way, as iiidicahnl liy a ])rc‘ssiire dio}), the niononua' \^as 
removed by (‘vacuation and a, lunv p:as(‘ons inononua* addt'd. IIk* poly- 
merization continiu‘d at one(^, and ])r(‘suina))ly th(‘ n(‘W monoiiKa* h(M*aine 
a part of th(^ same polynua* chain start(‘d by th(' tirst inoiKaiHa’. Hy 
changing from oiu* mononua* to anoth(‘r scwei’al tinu's, Ab'hille b(‘ru‘\'(‘d 
he had molecul(\s such as shown l.)(‘low (V). 


— CHoCH 
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‘ClloCH 
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“ciijCdr 


('ibcdr 


“(dlAdl 
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1 
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No study of the pj*operti(‘S of th('S(‘ ‘hnoliM'ular sandu iclu's” has yet 
been mad(‘. 

This s(*ction on copolymers is of iKHM^ssity incoiii])l«'(e, as most of the 
work in this fi('ld has b(*(‘n doiu^ in th(‘ teclnhcal laboratorios and ])nb- 
lished only in patemts. Il(‘nc(% it is dillicult to local and (‘valuatc' the 
available information. 

Dienes 

The polymc'rization of a conjugat(*d dieme (I) is a sp(‘cial cas(‘ of 
addition polymerization. Two i)ossible reactions may Iv' invoKanl in 
the formation of the polymer, 1,2-addition fl!) or l,l-addi(ion (lllj. 
nature the diene polynaa*, niblxT, has th(‘ units arrang(‘d n^gularly 
head-to-tail and 1,4.^^*^ AVhen an attempt is made to polymerize' but- 

Melville, Trans. Irtsi. Ruhhrr I rid., 15, 20a (UKl*.)). 

Puinmerer, Kautschuk, 10, 149 (lU.'M) ; Ruhhvr (lurn. Tcch.y 8, ,'19 (Ujaf)). 
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adiene in the laboratory, ilu' product appcniis to be made up of some 
J,2-uiiions and many 1,4-unions in the same chain (IV). In a sense this 

ciL>=-cn— (ni-=cii2 cii.cmciiocni— 

I I 1 

Cl! cn 

Clio CTb> 

II 1,2 

(Hb.--(Tl=(4h-(Tb> -CTIo--rTl=CU— (TIo--- 

III 1,1 

-MTl2--Cni=(;jI--(4b,--(TT-MTT- Clio— CTr==(HI--CIL>-- 

i 

(T1 

II 

CIT 2 

IV 

is related to (‘opolymc'rization, and tlu' munlx'rs of 1,2- and 1,1- rcaairrinji; 
units ar(‘ d(4(‘rmin(‘d by the rates of the two polymerization r(ae*tions. 
Th(a*(' is also tlu' com]>licatin^ ixaiction of crosvs-linkin^, which o(*cui’s by 
a mwv addition j)olym<Tization n^action in which the side-chain vinyl 
j 2 ;rou])s i)articipat(\ 

Synthetic Rubber. The invc^sti.aations in tlu^ diene field have been 
V(‘]y (\\'tensiv(‘ lK‘caus(' of lh(‘ s('arch for a cheaj) symh(4ic rubbca*. Th(‘ 
{imount of r(‘S(\arch which has Inxm don(‘ lias IxMai clos(4y conne(*t(‘d 
with pm(‘]'al (‘(‘onomic and jiolitical conditions tlirou^hout tli(^ W'orld. 
Thus, th(* sliortaf»;(' of natural rublxa* in ( haman y in 1914-191S hal toth(' 
(tw'elopinent of tlu' ])roduc(ion of a synth<‘tic rublx'r from diincdhyl- 
butadimu' {\) at the rate of about 150 tons a month at oiu' tiiniv When 
natural rublx'r becanu' available* a^ain this synthetic product was 
aliandoTK'd. 

— r— (dlo 

! 1 

cir,i cus 

V 

AVith tlio inm'Msc in tlio {)ric(‘ of cnnlt' vuOx'r wlucli bognn in 1925 
and lash'd long enougli to impress many industrial chemical coi'iiora- 
tions and tlu'ir associate's with tlu' vahu' of a good syjitlu'tic rubber, a 
renewed interest in the problem d('V('loj)ed. d'h(' i)rice of rubber then 
di'clined, however, and only a few companic's continued extensive re- 
'^earch ])rograms. Kubber continiu'd to droj) in price, reaching very low 
levels in ]952~19:>3 (less than $0.05 px'r ])ound for ribbed smoked sheets), 
J'lid th('n advancM'd again slowly. In .bine, 1910, the jirice of ribbed 
smoked sheets was about $0.22 -0.23 per pound. During this time the 
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du Pont Company was on^a^c'd in tho procc'ss for producing ^^Duprono/^ 
later called ^'Neoprene/’ from chloropRaie or 2-clilorobutadiene (VI). 

Cl 

CIL, =C— CH-^CTIo 

VI 

Tli(^ resulting product was rather cosily, (‘specially at first (m. $1.00 
p(‘r pound in lOofi lOotj), but fortuna1(‘ly it is givatly suixTior to 
natural rubl)er in som(‘ r(‘sp(‘cts, (‘sjx'cially in its resistance to the action 
(jf ]iydro(*-arbon solvimts. It has tlu‘rc‘fore found continuous use and 
the j)ric(‘ has droppcal to lowca- I(‘V(‘ls. 

In CcTinany a gnait. dead of int(‘r(‘st has l)e(m shown in th(‘ ru]>})er 
probhan ov(‘r the last t(‘n years, as (‘vid(‘nc(‘d l)y the numb(‘]’ of pat(‘nt 
applications and th(‘ pr(\s('nt dev(‘lopm<‘nt of the industry in that couniry. 
Syntlietic rul)b('rs have Ikm'U in production for some lim(‘. dli(‘s(‘ W(‘ie 
originally jnepared from butadiiaie (I) l>y the action of sodium and 
were known as ^Mlinia” rubbeas. Lat(‘ly seveial nc'w modificaitions, su(*h 
as ^^Buria N’^ and ^tehina S,’' have apfKainal. Th(‘se ar(‘ outstanding 
improvements and ar(‘ co])()lymers of laitadiene witli acrylonitrile and 
styreiK', r(‘spectiv(‘ly. 

Ctlua* imi)ortant synthcdic rub]>ers whi(*h hav(‘ app(‘ar(‘d r(‘C(‘ntly in 
this country an' ^b\nieri])ol,’’ ^Thityl Kublx'r,” “K()rosf‘al,” “Chcani- 
gum,^’ ^‘Ily-Car,’^ polyisol)ufyl(aje, and ‘'Tliiokol.” Ameri])ol, lly-Car, 
Cluani-gum, and Hutyl Hubbea* hav(‘ not b<‘(ai desci‘ib(‘(l in d(‘tail in tlu‘ 
literature, but th(‘y are jH'obaldy coi)olymers of whif*h one constituent 
is biitadicau'. Koroseal, Tliiokol, aiid polyisobutylene have* bcaai 
d(‘scribed in earlier sc'ctions. 

All th('se materials havc^ slightly diffenait. cliaractcalstics wliich 
infliuame their us(‘, but all have th(‘ sam(‘, obj(‘ctiv(‘: th(‘ n'plac^caiuait of 
natural rublx'r as a major commodity. It siaaiis likedy tliat th(‘ futiin' 
dc'vc'lopnuait in this field will imt be dir(_‘ct(‘d to th(‘ production of a 
single mat(‘rial which will s(a've as a substitub' for iiatural rublxT in all 
its manifold uses, but rather that a numbea* of diffiaxait polymca's of a 
wid(' range of propc'rtk'S will b(‘ manufactured, and that witliin any 
particular field then' will be availabk' a product whicli is bc'ttc'i* or clu'ajK'r 
than natural rubb('r. The tin' industry, of course', s('rv('s as tlie largest 
rubber consunu'r in all industrial countric'S (the consumption in this 
country is estimated at about two-thirds of tlie total rublx'T im})ort.a- 
tion) and hence will hi\ tlu' scene of th(‘ gn'ab'st. (‘competition. Tlu' whok^ 
field is not. a small one; rubber consumption in the United State's for the 
month (jf May, 1941), was estimated at 51,619 long tons. One of tlu^ 
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most fruitful of rosoarch avenues seems to be the study of copolymerb 
zatioriy although tlu' mode of processing* jdays such an important role 
that studies of the polynu'rization pro])er and th(‘ ba'linical utilization 
of tlie pndiniinary product ar(‘ inseparable. 

It will be noticcnl that a ratlua* curious event has occurred in lh(^ 
course of the d(‘V('lopment of syntlu'tic rul)bers. Unvulcaniz(Mj natural 
rubber is an isoprene polymer (VII) and as such consists of a hydro- 


_ -Clio- (WT[- -Cl I,- 

! 

('ll. 

VIT 


carbon (‘hain containing about, one doubl(‘ bond for evcay five carbon 
atoms. It was thendoix^ though!, v(‘ry naturally, that rubb('rlik(‘ prop- 
(Tti('S w('r(' d(‘p(uident on exactly this tyi)e of structure, and lliat only a 
diene jKHvmer would api)roach natural rul>l><‘r in its qualities. Hut it 
now a})i)(‘ars that something b(‘sid(\s the duaie })olym(T structure is 
conc('rn(‘d with th(‘se pro^Kui i(‘S, sinc(‘ th(* substitutes j^olyisolnitykau', 
Koros(‘al, and Thiokol ar{‘ not derivcal from di(‘ij(\s. Tlu^ length of the 
mol(‘cuh‘ is undoul)t(‘dly of gnait importan(‘<*. 

Anotluu’ factor nmst. be c<)nsi<l(‘red in th(‘S(' studit'S. Hubb(‘r as 
pr(‘cii)itat(‘d from Iat(‘x is v(‘ry diffiaxait in its pro])(a*ti(‘S from the tough 
(‘lastic mat(‘rial whic'h is usually th<' (k'sirxul form. \ ulcanization and 
th(‘ incor])orat ion of certain ma((‘rials su(*h as zinc oxidt^ and (‘arbon 
black ar(‘ ('oi'ollai'ies to tlu^ d(‘V('lo])ment of tlu' finislu'd product. The 
chang(‘s in struct ui*(' which occur during the vulcanization j)roc(‘(lure an* 
g(‘n(‘rally taken to lx* the creation of (*ross-links betw(‘C‘n the molecuh*s 
by m(*aTis of sulfur bridg(*s s(‘t up at th(* unsaturat(‘d bonds. This 
in(‘ans that sonx* vaih'ty of (*ross-linking s('(*ms to In* n(*(*('ssary for the 
full d(*velo])m(*nt of a good r\ibb(‘r, and that for a normal vulcanization 
sonx" unsaturation must be jm'sc'iit. 

ddu* arraiigimx'nt, of tlx* mol(*cul(*s also s(*(*ms to be highly important. 
It. is a))par(*nlly (‘ss(*ntial that- tlx^ linear ]nol(*cuIes of tlx* polynu'i be 
aligix'd in tlx* same fashion, sidi* by sid(*, for the hill d(*V(‘lopuK'nt of 
elastic* i)ro])erti(‘s. In rubb(*r this is carri(*d out ])y natural iorces. In 
tlx* synth(*tic materials a sort of nu*(*hanical vulcanization ma}^ oft cm 
b(‘ obs(‘rv(*d. Suit able* working of the j)olym('r k'ads to an alignment 
of the ]nole(*ul(*s and coiisc'ciuently to c'lasticity. 

All the iiuiiistric's using large* ciuantities of rubber as a raw material 
have* b('en continuously engaged in res(‘arch direct(*d to the production 
of b(*tt.(*r and mon^ us(*ful article's. The design of the* finished product 
nd the h'chnological fe'atures of its manufacture are of nece'ssit.y base*d 
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on tlio assumption that natural rubbor will bo the starting point, and 
consv'qiKUitly th(‘y must tako full eoj]!;nizanco of tlio strength and weak- 
nesses of rubber. The n(‘w materials may suri)ass rubber in many 
respects and yet be infej'ior in others, or at k'ast ])ossess some diffenuit 
(lualities, so that much t(‘chnological research will be required if full 
advantage is to b(' takcui of tlu^se s^mthetic materials. 

The (question of finishc^d cost, balanced against the ability of the 
product to do the work for whicli it was d(\sign('d, must play an impor- 
tant ])art in the scheme of developiiKMit. hkisy production of a mononua* 
in the laboratory do(\s not guarantee its succ(‘ss in a commercial ficdd. 
Any attempt to j)roduc(' a synthetic rubln'r must, be accompanied l)y a 
method of producing th(‘ mononuT at a low cosl. l^'or a long whih^ this 
phase of the situation caus(al considerabk' difficulty. At the pr(\s('nt 
time the new nu'thods (l(W(iop(‘d by th(^ p(‘trol('um industry scnan abk* to 
supply tlu' starting materials at low cost and in tnaiKaidous volum(‘. 
Ibitadiene and isobutykaie may be prodiiccal ('asily, as may acu^tykuK', 
which is the starting })oint for (*hloropr(‘n{\ It 1h(‘r('for(' S('('ms })rol)abl(' 
that within a f(‘W y(‘ars synt Indie rublx'r will b(‘ faiiiy in(‘xp('nsiv(\ 

J^oljuiK'rization of dienes by iiK'ans of th(‘ alkali nadals, (‘specially 
sodium, is a wtdl-known j])(‘thod. dli(‘ us(‘ of sodium in this connc'ction 
was not(‘d^'^ as (^aiiy as 1910 in lingland. Idiis reaction luis Ixxai 
investigat(‘d ('xtensi\’(‘ly both acad(*mi(*ally and (‘omnna’cially. Zic'gka* 
has Ihhml especially idcadifii'd with the study of alkali nadals and alkali 
alkyls and their eff(‘(*t on dieiH's. This work was ]*i'view(‘d in It 

has be(‘n found that both 1,2- and 1,1-addition may o(*(*ur, but. that 
higher t(an])(a'aturc‘s faxoi’ 1 ,4-ad(lition. It is ])r(‘sum(Hl that thc^ alkali 
imdnl or alkali alkyl adds to th(‘ doul>le l)ond to form an interm(‘diat(‘ 
com])ound and that then this int(‘rnu‘diat(‘ of th(‘ 1,4- or l,2-ty]>(‘ adds 
butadicaie mol(H*ul(‘S st(‘p\\is(\ Jdthium is (‘Sjxcially usedul for thes(‘ 
studi(\s. The alkali nnd.al tak(\s a. jHwitioii at tlu' (aid of th(‘ chain aftta' 
each addition and is tluai a\'ai!able for anotlua* addition. Scdiulz has 
pointed out tliat. sonu' of Zi(‘gl(a-’s (.-onditions arc^ not. thos(^ which wa)uld 
obtain in a tnu^ polymerization rcaudion and that, a slightly (liffcaaait 
int(a*])retation is ])ossil)le. With butadicaie, for exaini)l(', lithium may 
add at (me of the doubk' bonds: 

Matthews and Strange, Jhitish ])at(Mit, LM,7a() ( laiOi. 

Ziegler and Uahr, Hi r., 61, , ( 'i MbMnanti, J\lein(‘r, and Schafer, 

Ann., 473, 1 (Urj9) ; Ziegler aiid Kleiiiei, U ////., 473, 57 ( J9J9i , Zieglei, Dersch, ami W'oll- 
than, Ann., 511, 13 (1934); Ziegha, Jakob, W'ollt.han, and W'enz, Ann., 511, (il (1934); 
Ziegler, Grimm, and W*ill(*r, Ann., 542, 99 (1910). 

Ziegler, An^'riv. (In m., 49, 499 (19;U>). 

Schulz, Ergr}). c.rakf. Natunr., 17, 3(>7 (193S). See also Ilouwink “Ghemio und 
Technologie dcr Kunststoffo,'’ Akad. Veilag.s. l.eipzig (1939). 
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:h,=cii~cii - ciE LiciEcii-circiE— 

/ VI n \ 

/'(j \ CTT^-CII— CIT--C1I, 

LiCIECIl=-ClIClELi LiCJI,CII=-^ClICIEClECn--Cncn 2 — 

IX X 

The next n^ae.tion will b(' dependent on llu' ndative concentrations 
of lithium and butadi(‘ne. If tlie lithium is prc'sent in hir^e amounts, 
then IX will b(' foritu'd in c()nsideral)le amount. Th(‘ intcTnualiate VJll 
may also add butadicmc to form X, which is tlaui faecal with 11 k‘ samc^ 
alternative's as the original compound (\TII). Thc' lithium is therc'fore 
both a cliain initiator and a chain terminator, and the' lower the' con- 
centration of the" monomer, thc' lowc'r will l)e the average' molc'ciilar 
weight (jf llie product. The' final products, howevc'r, will be' tlu' same' 
whc'the'r the' rc'action proc'C'C'cls chainwise' through a fre'C' radical me'cha- 
nism or tliroiigh a me'tal-alk^d addition of successive' monome'r units as 
sugge'stc'd by Ziegle.'r. 

That only ce)m])arative'ly small amounts of sodium are nece'ssary 
for the' polymei'ization has l)e'e'n a gc'iie'ral e)bse*rvation. For e\amf)l(‘, 
an expe'rinu'nt. utilizing only 0. 001-0. M pc'r e'C'nt sodium lias been de‘- 
scribc'd.^”^ The* .sodium and liutadie'iie' are' e*onde'nse'el toge'ther on a cold 
surface to obtain a fine' dispc'rsion of the^ sodium. Solid ])e)lymers may 
be ed)taine‘d in two to thirty-six hours at 10-15°. 

The kiiH'tics of the rc'aetion have' bc'c'ii studic'd by Abkin and Mc'd- 
ve'dev for butadic'nc' and sodium, Tlu'sc* authors hold Zic'gk'r’s vic'w 
tliat twe atoms of sodium add to butadic'iu', and that subse'e|ue‘nt addition 
of butadic'iu' occurs with the' sodium atom ('ontinually moving to the 
c*hain c'ud to jirovide an active cente'r. It was found that a primary 
])e'riod was obsc'rve'd dui’ing whie-h the' rate' of iiolymc'rization gradually 
inc're'ase'd until some' dc'finite' value' was leae'he'd, aftc'r which it be'c'ame 
(‘onstant-. This jire'liminary jic'riod is ])]‘e'sinnab1y due to the' formation 
of j>rimary sodium-l)Uta,die‘ne' comiiounds, and is vc'iy much slower than 
llu' rate' of addition of butadie'ue' to thc'sc' active* ])oints. A number of 
c’xpe'rime'ntal difficultic’s wc'rc' e'lu'ounte'n'd duriiig the course' of the' 
invc'stigation, and it was fe>und that- the rc'sults were' reproducible' ejnly 
when e*are'fully ])urifi('d luitadicme was ('inployc'd in the absenc'c of 
oxygc'u and light-. 

For comme'rcial jiolymc'rizations sodium has been employed in the 
form of wire' or rods and in a fiiu'ly divided state as powdc'r. Zinc rods 

ZolnuiJiov find S}l;^lniko^^ J. 7V///n’. ihrm. { I .) ^ 4, a5i> (19)5^). See nollfiiid, 

J'roc, Half. S<H\ {London), A178, 24 (1911), for a leceut discus, sion of the iiiechfinism of 
diene polyineri/alion liy metal catalysts. 

Abkin and Medvedev, Trans. Faraday Soc., 32, 286 (1936). 
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dipped in sodium have also been used. An almospluTe of carbon 
dioxid(' was (an])loyed with the j)roeess for tlie production oi ^^jMethyl 
Rubl)('r B” by (he Badische Anilin und Soda-Falu'ik. At the ])res(Uit 
time sodium polymerizaies are still in commc'rcial use. “Buna So’' of 
ih(^ I. Ct. Farbenindustrie A.-G., as w(‘ll as “Ihma 115/’ ar(‘, sodiuni- 
butadi(‘ne polynuTs. The Russian products “8K A” and “SK B” and 
tlu', Polish “Ker” are also of Ihe same type. Tlu^ ({(‘rinaii rublxTS an^ 
li(juid~phas(i ])olym(‘nzat(\s ])r(‘j)ar(‘d with fin(‘ly divid(‘d sodium. 
Chloroprene cannot b(‘ ]M)lym(uiz(‘d l)y this m(‘tlio(l. 

Much of the synthetic rubber in commercial j)roduction today is 
polym('riz('d in emulsion. The n'sultiiif*; lat('x is (‘asy to handle, and the 
products an^ ^(‘iierally sup(‘rior to those* obtaiiu'd uv o1h(‘r fashions. 
Lower t(‘m})('ratures may Ik* (‘inployed, and cons(*(iu(‘ntly the amount of 
low-mol(‘cular~w(*i”ht, jjolynu'rs is de^cnaiseal. Tlu* me)noni(*r is emulsi- 
fied in an aepu'ous solution with some* ap;<*nt as sodium ol(‘at(*, linol(‘at(‘, 
or st.(*arat(*, or the sodium salt of (‘(‘rtain sulfonic a(*ids. The* jnixture* is 
usually homo^e*niz(‘d to inen^ase* the* yi(‘ld and the* v(‘locitv of poly- 
merization. A prot(*ctiv(* colloid as gedatin, tnilk, al])umin, ^hie, oi* a 
similar coujpound is oftc'U add(‘d. A catalyst contain!]]^' loos(*ly h(‘ld 
()xyp:en is p;(‘n(*rally n(‘(*,(‘ssary to initiate* the* re‘a(*lion, and com])ounds 
such as hydre)^'e*n jK'roxiele*, be'iizoyl pe‘re)xide*, ])(*rl)orate*s, j)e'rsulfat(*s, 
percarbonates, e)Zonide*s, and medallie^ pe*roxiele‘S have* l>e'e*n useal. The* 
organic e)r inoi'gaiiic salts of me*tals suedi as e*e)l)alt, niangane*se*, and le‘ael 
have*- also be*en suggeste*d. Ge'rtain hale)ge‘n com)>e)unels seicli as tri- 
chloroac(*tic aciel and cai'bem te*traclile)riele‘ liave* be'eai saiel to have* tin 
a cce*le ‘rating e*ffect on the* })olymerizatie)ji. 

Me)st of the e*uiTe‘nt. rubl>e‘j*s be*ing maele* in Cie^rmany ai’e* e*e)poly- 
me‘rs.^^® “Buna 85” is ne)\v ]>i'e)elueH‘d only in small eiuanlity sine-c* its 
se)fi vule*anizate*s ai*<‘ cemsiele^rably we'ake'i* than the)S(* e)f natural rubbea* 
or the* e*o])olyme*rs. It has se>me* aelvantage* fe)r use* as a luu'el ]'n]>l)e'r. 
The i)rine.i])al mixe*d i)olyine‘rs em])le) 3 ^ styi-e'iie* or acryle)nit]ile^ “Buna 
S” is a sty]*ene-butaelie‘ne^ eK)])olyme*r ])i-e*))a-re*el in aejue‘e)us e*miilsion. It 
is use-d ge‘nerally for tir(*s anel mee-hanical nilj])e*r geKKis. Hei-e^ a- high 
de*gj’ee* of oil ]’e*sistance is ned de*mande‘el. In he*at anel abrasie)n re'sistance*, 
it is saiel to Ik* superior to natural rubber. It she)ws le)we*r wate*i- al)se)r])- 
tiem and has aging pro})e*rtie‘s su]K*rior to the)se* e)f natural rubber, l)ul 
its rexsistance te) hyeiroe*aii)on se)lve*nts re‘pre*sents emly a ve*ry slight 
impre)vement. A he)t-air ])last hazing 1re*atme*nt at 110-140° is usually 
e*arrie*d enit- on Buna S befe)re vulcanization. A slight ])ressure is fave)r- 
able. The i)roce*ss softens tlie proeJue*1> and allows further p]T)cessing in 
the same fashie)n as nat-ui’al ruidjer. Oxygen is apparently necessary fe)r 

i^OKoch, Ind, E7ig. Cham., 32, 404 (1940). 
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this Iroalmeiit, which scnmis io be an exotliermic*- n'ac'tion, but no change^ 
in c()nii)osition of th(^ i)o]yiner lias bec'n detected. 

^‘Pcu’lninan’’ (^Mhina N’') and ‘dVrbunan Extra’’ are prejiannl in an 
(‘inulsion usin^ bu1adi(ai(‘ and up to 40 jx'r c(‘nt aciylonilrik'. (TIk^ 
Extra grad(‘ contains nion^ of IIk^ nitrile than the standard.) 44hs poly- 
iiK'r is noi ^iven a hot-air jilasticizin^* tn^atnaait- but is milled on cold 
rolls bc‘for(' proc-essinp;. Its jii'incipal valii(‘ lies in its ix'sistanci' to hydro- 
carbon soKamts, although it has Ikhui rej)ort('d that, (‘xcelhait tir(‘s have 
becai niad(' from Ihma N typ(‘ polyiiKU-s. Tli(‘ raw Perbiinans arc' insolu- 
ble' in gasoline' and ali])hatic hydrocarlions but arc' soluble in aromatic, 
and clilorinatc’d hydro(*arbons and, unlike natural rubber and Buna S, 
in kc'tonc'S such as ac'C'tone and methyl ethyl ketonc'. The vulcanizc'd 
})roducts are (|uit(' insoluble. A'ulcanization of thc'sc^ materials is gener- 
ally vc'iy similar to that of natural rubber. 

(diloroi)r('TK' is also polyuK'rized in an c'mulsion. Thc' normal spc'cd 
of polyuH'rization of chloroprc'uc' is much more' rajiid than that’ of 
isoprc'iK', and apparently in (‘inulsion form thc' rate' is acc'c'leratc'd. 
Oxy^x'u also acts as an accc'k'rator. Thc' outstanding- luopc'ities of th(‘ 
finishc'd product, arc' its rc‘sistanc*e to i*,oml)Ustiou (bc‘caus(' of thc' hijji,h 
chlorine' c'ontc'nO and, most im[)ortant , its rc'sistanc'c' to swelliii.e; \\hc'n in 
contac't with oi'^anic licjuids. it is :dM> more' rc'sistant to oxidants tlian 
is vulcanizc'd natural rubln'r. 

ddic' dc'vc'lopiiK'iil of th(' whole synthc'tic' rubbc'r fic'ld U]) to lOdd has 
been c'oA’C'i’ed in an c'xcc'llc'ut fashion with ^r’C'at. ck'tail by Whitby and 
Jxatz.^''^ 4 he* situation to lOdO is j“c'vic'\\('d by Jxoiirad in llouwink's 
book,^ ' 

Polysulfones 

Th(* addition of sulfur dioxide* to an olefin or olc'fin dc'i'ivat ive is a 
sjM'c'ial c*as(' of c'o|)olymc'rizat ion and is also a case* of hc'te'ro}x>lyjne'ri- 
zation since* sulfur dioxide* alone* doe‘S not. })olyme]'ize'. The* j'C'action 
was disco\’e'i-(‘el by Solonina/'^*' who de'scribc'd the addition ])roducts of 
this type* fi'orn allyl ah'ohol and various allyl c'thc'rs. Matthc'ws and 
Jddea-’^'^ c'xtc'nde'd the*, rc'actions to tlie* simple olc'fins from c'tlndc'ne^ 
throug;h amylc'iu^ and showed that, the ])r()due*ts liad the* composition 
(U(lI=(lR.S().d,. 

The* fic'lel was invc'st ij^ate'd very activc'ly Ix'^inniiiG; about llbJd wdieTi 
sc'vc'ral inve‘sti<j:;atoi-s in various lal>e)ratorie's simultane'ously took up a 
study of these', products. St :u;dine:('i‘ in l!)i>2 and Sc'yer and Kin^ in 

^^AVliilby aiul Kal/, ihuL, 25. IL'OI, viam. 

S()l()!»iiin , yO/.s.s. /V.'//.s‘. ( I < t't. 19, !;()(», Noto I (1NS7) ; ihid.j 30, 8l26 (1898). 
XliUlhows and I'kk-i. Uiitisk r):itcia, el9M>. 

vSeyor and King, J. Ain. Chun. Sec., 55, 3110 Ciaad). 



76G 


ORGANJC CHEMISTRY 


1933 sugg(‘si(Hl that tho addition roinpouiids \vrr(‘ ])()]ysulfon(\s (1 ). I^]x- 
])eninoiLtal c'oiifiniialioii of this structure was furiiisliod by the work of 
Frederick, Cogaii, and MarveP^*’ and Staudinger and Ritzen thaler 

- -(CfTo(TI,S()2),^-- 
I 


The addition r(‘action runs siuootlily for 1-olefins and th(ur functional 
d(Tivativ(\s, l-alkyu(‘s, and a huv 2-ol(di]isd‘'^^’ Mixtures of olefins 
and sulfur dioxide giv(‘ coinpk'X copolyni(‘rs. In most, of the pol^uiKM's 
th(' ratio of okdin or accUyleiu^ derivative' to sulfur dioxide is one inok'- 
(*ul(^ to oiu' molecule. Vinyl chloride', he)we'ver, give's a ])e)lymeu* with 
two vinyl e'hle)riele units to e)ne‘ sielfur eJie)xide‘ unit,. 

d^he })e)lysulfe)ne‘s all have' the lu'ad-to-he'ael, tail-te)-tail structure' 
(II) as shown by the alkaline e*le‘avage' te) the‘ cye*lic, eiisulfe)ne (III ) anel 


It R 

ciicn,y(),cii2(!;iis(), 

n 


C\[-C[], 


R 


\lkah 


RCIT--CII, - 


TP CIT-CH. 

<', X 
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I 

J{ ([,’11— Cl I, 


-> S( ), S( ), + Cl l,S( ).,CH,C1 IS( ),N;i, 

ClI- CII 2 *' .0 

I + HC,, 

K Hi 

III 

\ 

Oxidation 

It— ClI— CIT, 

/ \ 

s - -> s s 


JP-C31- ClI, 


the^ salt, e)f the sulfone* sulfmic acid (IVh whose' struedure'S have be'en 
establislu'd by s^mthe'.^is. ddu' pe>lynier chains usually end with hyelre)- 


iHf> j/j(Hl(_*nck, C\)|!:an, ainJ Marvel, ifmi., 56, 1S15 (Id'.M). 

St-audinf»:er and lUt/cMitlialer, /></., 68B, 45") (10.45). 
i^ntyderi and Marvel, J. A?/t. XW., 57, 4: 11 1 (1045), 58, 4047 (10.40). edlaM.s, 

Ryden, and Mar\ol, ihuJ., 59, 707 (1047), Uyden, (llavis, and Mar\e], ihuL, 59, 1011 
(1047); Mar\el, Davis, and Glavis, tftxl., 60, 14.50 ( 104S) ; Marvel and Glavis, //)/(/., 60, 
2022 (104S), Marvel and Sliaikey, find., 61, l()04 (1040); Mar\ei and Dnnlai), 61, 

2700 (10.40). 

Snow and trey, Jml. luii^. Cfutn., 30, 170 (10.4S); Filch, TJ. S. ])atenl, 2, 045, .502 
(1940); trey and Snow, U. S. patent, 2,1I2,0S0 (10.4S); t’n‘y, Fitcli, and Snow, 11. S 

patent, 2,114,202 (104<S); Frey and Ruiy, IT. S. |>at(‘nt, 2,11S,S14 (10.4S) ; Snow, U* S. 

patent, 2,1.40,02S (194Sj; Fiey .and Snow', F. S. patent, 2,1X4,205 (1040), Fiey, Fitch, 

and Snow, U. S. patcajt, 2,102,407 (1040), Fn*y, .^now, and Fitch, U. S. paUmt, 2,10S,0.10, 
(1940); Frey and Fitch, U. S. patent, 2,192,40() (1940). 

Hunt and Marvel, J . Am, (*kcrtL. Soc., 67, 1091 (1945), See also refereiuai 187. 
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carbon units^ as only in ])ro|)ylcnc polysulfoiu* is llioro (^viddico of an 
acid ^rou]) in the mol(‘ciil(\ Aiost of the polymers arv alcohols, as (hey 
can be acylated with trichloroacelyl chlorides Hence (he chain redaction 
ai)par(‘nily sioi)s by the addition of the eh'inc'iits of water at th(‘ ends 
of the i)ol 3 nner chain. 

A lar<i,e number of sid)stances have been found to act as catalysts for 
the })olymerizat ion r('a(‘(ion. Tn addition to oxy^'en, peroxides, and 
actinic liji^ht, which usually (*ause addition polymerization n'actions, it 
has Ikh'U ]’eport(‘(P'‘^^ that nitrates, oxid(‘s of nitrogen, silv(‘r salts, and 
monovalent co])per will catalyze ])olysulfone formation. Kharasch and 
Sternh'ld have found that hydrogen chloride incr('as(‘s tlu^ acti^d(y of 
ascaridole as a. catalyst and have Ikm'ii abk' to conAtai. a trisubs(itut('d 
ok'lin, 2-inethy 1-2-1 )uteii(‘, to a ])olysulfon(‘ by this mc^thod. 

Th(^ polysulfonc's are white, amorphous powikms with ntatividy high 
iiK'lting points. Tlu'y decompose at high t(mip(‘ratun's to yi(‘ld th(' 
original olefins oj* ol(‘lin (kaavatives and siilfui' dioxid(‘.^^^’ They ar('. 
cl(va\a‘d by alkalies to yield cy(‘lic disulfon(\s and ollua' low-molecular- 
wcaght products. 

Th(‘S(' ])olymers have rather liigh mok'cular wc'ights, which usually 
fall in th(' rang(‘ of oOjOOO to 200,000 on the basis of (md-group analysis 
and viscosity’ of solulions.^*^'' ddiey ar(' sohibk‘. in various organic 
solv(‘nts if ])r(‘par(‘d fi'om okdins with mor(‘ than five (‘arbon atoms. 

Aldehydes 

Al(k'liyd(\s maj" ])olyni('riz(' to high-zno]('cu!ar-n*eigJit products in a 
number of fasliions. The aklol coiukmsation, for (‘xample, may^ lie 
r(‘])(‘at(‘d succ(\ssiv(‘Iy with conscapumt formation of long-ctiain com- 
pounds. Formaldehyde may' coiuk‘ns(‘ with its(‘lf to form th(‘ vso-called 
forniakkdiyde sugars. The jii'oduction of th(^ polyoxynuMhylem'S is, 
how(‘V(a’, a difha’enl typ(' of iiolymerization. Tlu^ j)roj)(‘rti('s of these 
lattc'i* matt'j’ials ha\'e Inaai studiial (‘xtcmsivi'ly by Staiidinger.^^^ 

Fraporation of an a(iU(‘ous solution of formakk^hydc' results in the 
formation of iiarafoi’inaldehyde. This is a faii’ly low-mok‘cular-w(ught 
polynua*, of d(‘gr(‘(' j)rol)ably up to about 50, A polyiiH'r of the sanu' 
1yp(*, but of sonu'what higlaa- di‘gr(M\ may b(^ obtained by the addition 
of sulfuric avid. Tlu're are thr(‘(‘ jiossibilitk's for the mechanism of the 
}>olyin(‘rization. 

1. Th(' (‘oiukaisation of forinakk'hyck' mokaailes with a methylene 
glycol structure may occur as follows. 

Filoh and Fn‘y, U. S. i)a1oni, L>.li:er>S4 (VX\S\ , U. S. patent, 2,192.400 (1940). 

' Kharat<t h aiul St<M'nfelci, ,/. .Im. ( hei/f. Srr., 62, 2509 (1940), 
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A)II .OCIhOII 

HCIIO + II-O -> CTl,( + HC-JfO — > (!JT2\ + IICHO 

\0fi N)h 

OCJrjOCH.OII OClhOClh ■ ■ ■ OCJloOll 

I ! 

(TIa + IICIIO ('JIj 

I I 

on on 

2. Tho c()iid('Ti.sa< ion may procood througli a siK*(*(vssivo 8ori(vs f)f 
condensations of iiK'lhylene glycol. 

lIOCdToOII + IKXdl.OH + • • • + 110(^1,011 - > 

iio(di,ocii, . - • orn,oii + 11,0 

Tli(' ]>olyrneriza1ioii may proc(‘(‘d tlirongli the carixaiyl l)ond, 
]n*ol)a])ly with tlie addition of wat(‘r to satisfy tlu‘ (aid groui)s. 

iT..Cv=:0-i Ti,(W)+ h 11 , (=0 (Mi,o(di,o(di,()rji,o * • • 

Tla^ latter mode of polym(*riza1ion secans atlraetiv(' as an (‘X])la- 
nation for th(‘ vcay-long-cliain polyoxynK‘t I in !(ai(.\s pi’odu(‘<Ml from lifiuid 
formaldc'hydo at low t(an])(a‘atiires (-SO'^, -20"). d*lu‘S(' suhslanees an^ 
gcaierally glassy solids which l>(‘eom(‘ p]asti(‘ wluai In^alvd and cam 1 k‘ 
drawai into fibca-s. Th(‘ filna's lack 1h(; (‘la.^tieity of ihf' ])oly(‘st(a* and 
])olyamidc filxa's, but th(' jiossibility of (heir formaliou s(aans to indieaU^ 
a high mokaailar waaglit. Tlua'c is probably no diilerraua' in eluanieai 
structure bi'tween th(‘ high(a‘ ])olyoxym(‘t hytaies and th(‘ lowca- ])ara.- 
formaldc'hydes. Sauter^''“ has d(‘S(ailx'd llu^ molecailar st]*uctuj'(' to b(‘ 
inhaaxal fi‘om mohuadar difTi'action ])a( terns. 

In tlu' lower ranges se'veaad jriodihcal st]'uctur(*s inay (‘xisf. If 
methanol is pnaseait in the a(^jU(H)US solution, tli(‘ ])olyoxym(‘thyl(ai(‘ 
may liave onc^ or both (uid groujis prescait as nadhoxyl instcaid of th(' 
dihydra t e st ruct ure. 

110(Ml,<)(dl, ‘ • • 0(dl,0('ll, 

CIl,(XdI, 0 (dl, ■ • • OOff,()Cll.i 

These compounds contain up to about 100 oxym(‘thyl(ai(‘ units Acetate 
:*nd groujis may also b(‘ iiiti-oduced by ac(‘tylation. 

(di^cYHXdi.ocdf, • • • ocdioOir 
ClhCOOCH^OClU • • • 0(dl,()C()CIl3 

Z. p/iiy.s/Jr. Chew., B21, Kil, ISO lUray 
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The dihydrato represt'iits a hoiniaec'l al .stniclure and la'iioe may 
bo hydrolyzed by dilute acid or dilute alkali. The ilimethyl ethta- 
is an acetal and is then-fore stable to alkali, but may b(' hydrolyzed by 
acid. The diac('tate may be decomjmsed by warm alktdi and by dilute 
acid. 

As these compounds are of n'latively low molecidar weight., end- 
groui) studies may bo used for nioleeular-w('ight. (k'terminations. H.vdrol- 
ysis of the dimethyl etlx'r with <lilute hydrochloric acid, for ('xam{)Ie, 
liberates uadhanol which may be det(>rinined an.alytically. 

There' also ('xists a, eomjxnmd, a-trioxymet hyk'iie, which is appar- 
ently a ti'imer (1). An analogous comjeound is also ])re.sumed to exist 
for ac('taldehydc (II). Mixed eom])ounds of this variety from two 
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niol(\s of nn nl(]('liy(l(' nod oih^ iuo 1(‘ of diloi'al hav(‘ d('S(*iil)(Hl by 

II il)l)('r1 1irK)foininld(‘liyd(‘ ])olynu'rizos v(My ra]>idly whcni pi'i^jiarc'd 
and is Ix^lit'Vi'd 1o a^siinu' a ]ii)(‘ar IhioiiH^lliylcau.' structui'e analogous to 
Uh' i)olyo.\yini‘1 hyliuK's. 

Tho ])olynn‘iizalion of forma, Ididiydc' and acc'taldcdiydo in 1h(' gaseous 
])lias(dias bc‘('n sludietP'’^ and it ^\ as found tluit formic* and liad a marked 
lU'eek'raling effc'et. din* nu'clianism is ])r(‘sum{‘d to lie tJui following: a 
formic* aeid molc'culc* eondcmsc's with a formaldc^hyde mcdca*ule leading 
to an intcTinc'diate \\hi(‘h may llnm add formald(*]iydo s.ucecAssively to 
form a long-ehain eomiKUind (111). It may also add formica add at any 
j)oint and form an intonnediatc* having two available hydroxyl groups 
(U ), botli of which arc* capable of iiiitiating })o]yc)xymc'thyl(‘iie c*liains. 
IIc*nc*c* the formic acid lias the* c*ffc*c*t not only of initiating C‘}iains but 
also of causing tlu*m to branc-h (A ). The rc‘ac*tion ])rc)bably stops whcai 
a fo]-maldc‘hvdc* mol(*(*ul(* rc'ac*ls with a hydrcjxyl grou]) at the end of a 
(*hain with loss of wat(*r (\ I). 

The* higher aliphatic aldc*hydc*s undergo a very curious polyrneiT 
zation under high jirc'ssurc'sd'*^ //-But^Tuldc'hydc*, ?/walc‘rald('hyde, and 

^^mibbort, Gil!('Si)i(b iiiul Moutoniia, .7. .1///. r//. /.•/. SV.r., 50, 1<)5() (lOlCS), 

( ’arnitliors and Norrish, Faradfiy 32, 0)5 (lOdb). 

C/onant and J’ebMsun, J. -tm. Chetu. Foc.^ 64, tVJS (1932). 




?v-hoptiildc'liydc aro transfornu^d into hard, transparonl solids by lon^ 
trealnu'iit a-1 ] 2,000 alin()si)li(M‘(\s. At 4000 to (iOOO alinosplKaos with a 
benzf)yl p('roxid(‘ catalyst tlui ])rodii(*t. is white'. Oxygeai oi* jx'roxidc's 
a(*t as ciitalysts for tlu^ redaction. The product is probal>l> of tlio strue*- 
tur(‘ indi(*at(‘d l)y formula \T1. 


h K Tt II 

1 ! 1 i 



\ II 


Tlie nature of tli(‘ end groups is uncertain. Tlu' l)utyral(l(‘liyd(' 
polymer is insoluble' in the' ce)innie)n se)lv(‘nts but swe'lls in ])e'nze'ne anel 
toluene. I)e‘})()lynK‘rizatie)n may be e'ffe'cte'el by he'atin^' ea by small 
amemnts of aqueeius aciels or alkalie's. 

Numerous either obse'rvatiems liave liee'ii maele' on alele'hyele poly- 
inerizatiems. Glyoxal, feir example', feirms a pe)l3uner. Butyraleli'liyele' 
on treatment/ with a little sodium hyelroxieie' feirms a se'rie's eif lii^he'r- 
boilin^ preielucts. Benzalde'hydi' unel(*r the' influence of lif>;ht forms 
re'sinems mate'rials of the same elememtary ceimpositiein as the' starting 
material. The structures of the'se' materials, however, arei unex'rtain. 


Cyclic Compounds 

The peilymerization of cyclic compounels has been encountere'd 
previously in the polyesters (p. 707). Semie^ lacteines polymerize more^ 
or less re'adily tei form long-chain pejlyesters. It. is not certain whether 
a small amount of watc^r intervenes t.o give the hydroxy acid, followed 
by successive addition of lactone rings, or whether the chain is built 
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up simple coaleseenci' of the rinp;s. In any event, the stability of 
the lactone deU'riniiies the rate of the i)oly]n(nazati()n. 

Tlie C3"clic compounds ethylene oxide, ethylene sulfide, and ethyhmc' 
inline polymerize rathcT easily. EthyUaie oxide has been stiulicnl l)y 
Slaudinger and particularly by llildiert Its polymeilzation is 
catalyzed by a number of materials, including stannic chloride, sodium, 
and trimethylamine. Tlu^ nnction may pro(‘(H‘d so rapidly as to l)e(‘om(' 
explosiv(x The structure' of the re'sultin^ polynu'r is that shown by 
formula I. 

I 

Ilibbej’i and his co-worhers have shown that the redaction is a 
stepwise' addition of ethylc'ne oxide' te) ]>olyethylc‘ne glycols ])i“evie)usly 
j)rodue‘e‘d. Tleiry has studie'el the' ralie) e.)f the we'i^hl a\a‘ra^e' te) tlie' 
numbe'i* aAa'i\‘ige‘ inedeeailar we'i^ht in this serie's and finds that it ap- 
j)re)ache'S unity. The me)le'e‘ular we'if>;lits vary ce)nside‘rably, but ])re'i)a.ra- 
tienis ave‘ra|2;inj]!; about. 120,000 hava* bee'n re'e*orele'el. The le>\\e'r pe>lyme'rs 
have* me)]e'cular we'i^hts in the ran^e' up te) a fe'W theiusand. 'Phe* l>e)ly- 
('thyle'iH' ^lye'ols with )5, (>, IS, 42, 90, and ISO rei)eatin^ units have be',en 
sludie'd ))y Le)ve‘Il anel llilibe'i't 

J5y })()lyine'rizatie)n of e'tliylt*ne oxiele with alkaline^ catalysts, wate'r- 
seiluble* waxe-s have be'cn obtaine'd. Tlu'se are' kneiwn ce)inine'rcially as 
“( 'arbowaxe's.’’ 

Otlie'i* e)\ide‘s as piT)})yle'ne eixiele* may 1)0 polyme'rizeel with catalysts 
like* staJinie* e'hleiride'. ( 'ye'lfdie'xe'ne* eixide has bea'ii jiolyme'rize-el unde'i* 
pre'ssure'.^-*^ Ethyk'ne* siilfiele ])e)lyme'rizes easily te) a substance analogous 
te) that e)btained fi’oin the e)xide. 

Mechanism of Addition Polymerization Reactions 

As has be'e'Ti pointe'd out, the ivactieins le'aeling to the feirmation e)f 
e*e)nel('nsatie)n ])olyme'rs are* (*onsiele're'd to be e)f the same* Tiature* as the 
ce)rre'spe)neling simpler ceineleaisation inactions e)f organic ce)]n})e)unds, 
such as esterifu'atie)!!, etlu'rification, amide feirinatie)!!, anel aldeil ce)!!- 
ele'iisatie)]), elilTeriiig only in the fact that the inactieins are capable e)f 
ineie'finite re'jietitie)!!. The exte'iisive invest igatiems e)f this type* e)f poly- 
merization have she)wn that the structure and size e)f the ])e>lymeric 
ineile'cule's, as we'll as the kinetie*s of t-lu'ir formation, are in agree'ine'nt 
with a inee'Jianism involving sucenssive conde'nsation reae'.tions, each 

See IVrry and llibbert, 62 , 2599 el91(.)), for leadini^ ndorenees. 

'^MUory, thid., 62 , 1591 (1940). 

J^ovell and ini)bert, 62 , 2144 (1940). 

Plory, ibid., 59 , 400 (1937) (coudciusatioii) , 59 , 241 (1937) (addition). 
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individual step being no more unusiia] oi* (*omjdex than the ordinary 
reactions of organic compounds. 

Addition polymerizat ion, howevcT, possesscvs (HTtain pc'culiarit i(‘S 
which ck'arly distii^guish this type of redaction and which have led to 
many investigations and much sp(‘Culation concerning tlu^ nu'chanism 
involved. Thc^ essential distinguishing f('atur(^ is that the average 
mol('(;ular weight of the polym(‘r moh'culc'S first formed is v(uy lu^arly 
tlK' same as the inokKailar wc'ight of thosi' foruKal later, in markcal con- 
trast- to condensation polymerization, in wliich lh(‘ i)o]ynieric molecules 
continiu' to incnaise in size during the course of tlu' Reaction. In 
addition to this unusual mode of huination of addition polymers, any 
entirely satisfactory nu'chanism for th(^ formation of tlusse substances 
must, of courses, also be ca])abl(‘ of accountijig for such structural con- 
sidiTations as orientation of th(‘ mononuu* units, end grouj)S, and chain 
branching. 

The generally accepted explanation of these characterist ics consists 
of a nu'chanism dividing the reaction into three st(^i)s involving (A) 
activation of individual mononua* niolecu](‘S, follow(‘d by (Ilj rapid 
Reaction of the active form Avitli succ.('ssiv(^ mohaaih'S of mononua*, 
retaining th(‘ activity, and finally a loss of activity in some manner 
to yi(‘ld a stable polymer mohaaile. 

Th(‘ intimates mechanisms of th(‘S(' A'arious st('i)s in the ])rocess, 
iTiitiation (A), j)roj)agation (E), and c(‘ssation (G), hav(‘ l>(‘(ai tln^ sub- 
j(a^ts of ('xteiisive investigation, jxirticuiai’ly l)y means of kiiadics, coi- 
r(‘lat(al with the av(a-agc siz(^ and size distribution of th(^ j)olyni(a's. 
Styreaie,'-'- vinyl a(‘etate,^‘'"‘ nu'thyl iiudh- 
acrylate,^'-’ and dicaa's ]\ii\v Inaai th(‘ mononua's r(‘C(a\ing most 
atbaition. They hav(‘ been polynaalzc'd t laa’inally or midei' the influ(aic(‘ 
of such catalysts as |)(‘]x)xi<k‘s,-'’^‘’ nu'tal hahik’S,""^ alkali 
metals, light, or \'arious fr(‘e radicals, geii(aati‘d cluauically or 

j)hot o(*h(ani(*all\x^ 

The analytical ])roc('du]*es for following tlu* raf(' of r(aiction ha,v(^ b(‘(ai 
isohition of the ])olym(a*,^"^’ titi-ation of the mononua’ by broJuiiK^,*'^’*’ 
change^ in A"olum(‘,“^’‘^’ and, most j'caaaitly, thti change in rotation on 

Norrisli and HT(»o]vTiiaii, Pot/. Sor. ( Lttuffou) , A171, 117 

Schulz aiul Iluscniaini, Z. j/ht/.sih. ('h()n., B39, l-*4r» (UJaS;. 

Schulz and Witti^t ^ ni uririsi^cm^chafU 27, as7, dSh (laat)). 

"oySchulz, thtd., 27, (159 (1939). 

201 Wilhanis, J. ('hem. 775 (1940). 

Whitby, Trcui.s. Farndai/ SW., 32, 315 (1930). 

C ’uthbei l&on, Gee, and Rideal, Pntc. Pot/. For. (Lontlft/t ) , A170, 300 (1939); KaiiuMi 
skaya and Xlt‘d\(‘de\, A(i<i Pht/.sicorhim, i[\R.S.S.), 13, 505 0910). 

2^7 Xlarvel, Dec, and Gouke, .7. Aw. Chem. Soc., 62, 3199 (1940). 

Price and Kell, thid., 63, 279S (1941). 

Starkweather and Taylor, ibid., 62, 4708 (1930). 
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polymerization of optically active monomers."^'’ Owing to difliculties 
in analytical i)r()cedii](‘, a majority of the iuvc^stigations of the kineti(‘s 
of polymerization has been carri(‘d out without a diluent- or 
over such a wid(‘ range' in mole fraction of solvent, that any dediu'- 

tions as to the mechanism are' e*()nii)le'X and elifru'ult beeauise of the 
])Ossible eTfe(*-t e)f the changes in sedve'iit meelium e)n the; rate's e)f the 
Mirious ste]>s imolvenl in the; reliction. 

In ge'iie'ral, the're have bc'e'u two e'sse'ntially dilTei-ent viewpoints with 
re'gard 1(_^ the nature' e)i the' ]>re)pagation rene'tion. That, originally 
])rope)S('d by StanelingeT anel sup])orted by many othe'r inve'sti- 
gators has inelie*ate'd a s])e'cific me'e'hanism i!jve)]v- 

ing adelition ot an ae*ti\'(' Ire'e' radie*al to the' eloubh' bonel of a me)ne)me'r 
inole'cule, ge'jie'rat ing a. ne'W fine' indie'al wiiicli can in turn aeld again te) 
ane)the'r monome'r mole'cule'. As a fre'C' raelical eiiain rca^ctioip ]>e)lvnie'ri- 
zations ])re)ce'('ding by such a me'eiianism she)ul(i be* e‘liai*acle'ri/e‘d by 
be'ing su])je'e*t to strong inhibition by small anuamts e)f siieii sul >stan(*e's 
as liyelroeiuinenie'- or diph(‘nyla,mine‘.“'^ It is a w eil-known fa-ct that 
small mnonnts e)f hydroeiuinone and e)the'i* substance's aiv e‘a]>able‘ of 
pre'S('r\ing sueii moneane'rs as me'thyl meilun'iylale*, styre'iie', Ainyl 
ae‘(‘tate', anel eli(‘ne‘S. 

A se'ceaiel Aie'w point re'garels the* pro])agat ion r(‘aciie)n as an “e'nea'gy 
eiiain/’ in whieii an ‘‘aclivate'd'’ eii* ^i'xeib'd’' moneinu'i' me)l('e*ule' aelels 
te) a normal moh'e'ule* yi(ieling an activate‘el elinie'r whie'li e'an adel aneitlu'r 
moneinie'r mole'eaile*, the* ])roce'ss e*e)ntinning until the' activa-liejn is 
(lissi])ab‘el in some* maniu'r. 

h’oi’ thermal jieilvme'iization in the absene'e' of adeleal e'ata/ytic a-ge'iits, 
it has bei'ii .-ugge‘st(>d tliaX the' activation ])i*e)C(‘ss might- e*e)nsist in the 
formatiein e)f a elii’adical,*'*'’ ’ either unimeile'cular eir bimolecular. 


i 1 (\) 1 i 

11 11 

i i 

1 1 1111 

‘2C--C - > •(’ C C'-C- 


c 


on 




r5urk"^“ and late*!* Irany have clearly ])e)inte'd eiut that a serious draw^- 

Sec Stiiuclinpor, Trctrin. Fttnulriy Sue., 32, !>7 

S(‘e, e.g., 1*1 lee, ./. Am. Clu’m. Sue., 58, IS.'Vl (lUlK)). 

Bmk, Imi. Eny,. <'lu m., 30, 105!) (ItWSV 
Imiiy, ylwi. ('hi m. Sue., 62, 2(i!)0 (1940). 
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back to this sii^^estion is the al)S(^ric(' of cyclic polymers, especially 
triiners, which mif2;ht be exjx'cUH from su( 4 i dira(li(!als. 

The ('xtensive inv(\stigations of Schulz on tlui lliermal polymeri- 
zation of styr(*ne, alonci and in various solvents, have indic.ati'd that IIk^ 
initiation ])roc(\ss in this case Tuay lx* a unimokaailar activation of 
styrenes, kaiding to a free' radi(‘al pr()]>agation I’c'action IxdAvcMai monomer 
and an active^ chain ajid a (‘(‘ssalion reaciion invohhig mutual deactiva- 
tion of two active hve radical (*hains, cather l)y coupling or, mon^ pro]>- 
ably, by dispro})ortionation.^‘*^-* Rr(‘ii(‘nbacli has disput'd the; pos- 
sibility of drawing any saf(i conclusions c-onc.(‘rning tlK‘ intimates imH‘ha- 
nism of a n'action from kiiu'tic data over as wid(^ a rjuigc^ of solvent con- 
centration as that em])loy(‘d in tlu^ inv(‘stigarions l)y Schulz, llus('mann, 
and Dingling(‘r.^"^'^* Ilow(^V(‘r, S(‘hulz and Wit lig hav(^ clearly 

d(‘inonstrat.(‘d the i>ossiI)iIity of th(‘ initiation of j)olyin(‘rization by 
iV('e radi(‘als, using the dissociation of t (4 rapluaiylsuccinonitrile 
(Cenr,)*^' — (XC'filb)*’ ] thermal d(‘com])osition of Ixaizene- 

"1 1 

CX CN 1 

azotriphenylinethane soui*c(‘s of fi*(x' radicals. 

Melvilk^ has also uscxl Uvi' radicals to initiate' I lu' ])()lyni(‘rization in tlui 
gaseous jjhase'. Tlu' source's of free' radie'als we'ixj the in(‘i‘(*ury-va])or- 
sc'iisitized ])hotochomi(*al dissociation of hydroge'n into atoms and the 
photolysis of acetakk'liyde. 

For the lx‘nzo3d jx'roxiek' catal.vsis of the ])()lynu'rization of styrene', 
Schulz a.nd llusemann have^ concluded that- tlu' |)ro])agation and ces- 
sation ri'actioiis n'lnain unafle(*ted l)y tlu' catal^'st. Hi(‘. cala.l3^st s('r\'('s 
merely to increase tlu^ rate of tlu^ initiation reaction. Schulz has sug- 
gc'sted a nu'chanism for the initiation n'action in tlie ])n's(‘nce of p(‘i‘- 
oxides involving the' ec|uilibriuTn formation oi a (*om])k‘X betwe'eai tlu^ 
catalyst and st^U'ene, which th(‘n d(‘(*ompos(‘S to give an a,(*tivat(‘d 
st^Tcne nniok'(*ule. At constant sohent- (*on(‘('nt rat ions, howc'ver, his 
data show tlu' rate to Ix' proportional to tlu^ seiuare' root of tlu' catalyst 
con C(a it ration, in agi'ceinenf with the results of C'utliberlson, Ge(‘, 
and Rideal using the sanu^ catal.yst with vinyl ac('t-alc‘. Medville 
has point ('d out that such a dejxnuk'iice of the- i*ate on the (*atalyst (xxi- 
(‘('iitration is strong indication of unimokx*ular de(-omposition ol catal3^st 
as the initiation process and mutual (bimok'cular) dc'aclivation oi actives 
chains as the c(‘Ssation n'action. Tliis vi(‘w is su])jxn*t(‘d b^" the kineti(*s 
of the peroxid('-(^atalyz('d polymerization of r/-.sY'c-butyl o'-ciiloroacrylaU^ 
in dilute dioxane solulion.'^^” Price and K(ill have pointed out that 

Broitf'iibach, Z. phtjRilc. Chvvi., B45, 101 (1!K{9|. 

Mohille, An.)i. Rcpls. f'hrm. Hoc. {Loudon), 36. 01 (19:{!)l. 
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the specific nature of this uiiiniolecukir (haiii-initialinjz; reaction of ])er- 
oxides is most probably" their decom[)ositiou into fre(^ radicals, pro])os(‘d 
by Hey nud WaU^i's to ac(*oimt. for the th('nnal decomposition pi-odm*ts 
of acyl i)eroxides in various solv(‘nts. This su^RC'stion has offenM.! an 
excell(Mit. ex})]anntion for many of the unusual catalytic efT(H*ts of per- 
oxides; th(' unimolecular nature* of tlu* pi'oc(\ss is sui)port(‘d by 

an investigation of its kineti(*s.-"® In su])i)oj‘t of tlie mechanism of 
chain initiation by fj-ee radicals from the* d(H*omposition of the a(*yl 
jxa’oxides is the obs(*rvatioi^ that polystyrene ])r(*]>ai'(Hl with p-bromo- 
Ixaizoyl jxToxide as the cata^vst contaiiu'd l)romine in a}>[)roximat(*ly 
the* e*x)rre'e*t amount fea* two hale>«;(*n ateans ]x*r })olymer mole*cul(*.-^ 

This fme'-radical mee^hanism of peroxide* e\‘italysis may be* illustrate‘d 
by the* following- sim|.)le e*e|uatie>ns, in which M r(‘])r(‘S(*nts the* mone)nie*r 
me)l(*cul(‘ anel the* dot indicate*s the* exld e_‘lectre)n of the*, five radical: 

Initiation (A) 

(Ar(^()2)2 — > 2 Ar(^()2- 

ArCO^ - -1- Ar- 

rroj)a^atie)n (B) 

Ar- f M Ar- Al* 

Ar---M- + AI -> Ar-Alo* 

Ar— AU- + AT Ar -M. 

Ce*ssation (C) 

I i 11 

Ar-M..- ^ Ar- -> Ar-M^-II -f Ar 

i 1 1 

]I 

or 

2Ar— AL^- Ar- -Ar 

Inelividual ae*tive' ])olyme*ric chains may be el(‘activat(xl and trans- 
fornu'd inte) stal>le* jx)lynu*r mote*e‘ule*s in seve*ral ways. Fea* e*xample, the 
fre'e* radie*al may lose* a hyelroge*n atom from the adjaex'iit carbeai atom 
te) ^ive* a pe)lyine*r me)le‘eail(' te*rminated by a elouble beaiel, ea* it. may 
ae*e![uire‘ a hyeh*e)t!;(*n at.e)in from some* oth(*r mole'cule in the* reactie)n 
mixtiii'e* te) fz;ive* a satiirate*d iK)lyme*r.“‘*" bathe*r e)f these*. proee\sses, ho\v- 

aiul WaUM!?, ('hrni. /Or., 21 , 1()9 09.‘>7). 

Klinrasch, Mansfield, and Mayo, ./. Am, ('hem. Soc., 59, HTjo (19a7). 

Kliarascii and 11. (\ Blown, ilmL, 61, LM41? ( ladO) , 62, 925 0940). 

Kliaras<*li, Kano, and 1!. < \ mown, d>n/., 63, 52e> el941). 

220 I). .1. Bnown, ihuJ., 62, 2057 (1940). 

221 Kell, 101st MoeliiiK >f the Ainericaii Chomical So(4ety, St. Louis, Mo. 
April, 1941. 
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ever, is men^ly a tran.^Jcr of the active fi*ee radical, not its destrucdioii, 
since one of tlie })r()ducts in each case is a radi(*al capable of generating 
a new activ(i chain. 
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It is significant to note that the forinafion of brancla^d-chain p(jly~ 
iners can l)e accounted for ('itluT by reaction of an unsaturatc'd [)olyni('r 
niol(nad(' with an active chain or by nu'ans of th(' s(‘(*ond transf(‘r r(\‘u*tiori 
al)ov(' if till' siibstanc(‘ donating the hydrogcni atom is a i)olyni(‘r mol(‘- 
eule. Either or ])oth of thc^se r(‘actions also account for 1h(‘ ol)S(‘rv(Hl 
incn'ase in niolc'cular wcnglit. wlam ])olystyr('n(' is ir('att‘d with styi'caic* 
uiuha’ polynua'ization conditions^"'’ and for th(‘ occunxaice of oc.casional 
methyl sid(‘ grou[)s r(‘})()rted on jKjlystynau* (*hains.^“^ 




C\[- 
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(\}U 



(' /Cll-cnu 
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The nature of addition ])ohmicrizatiun in tlit‘ ])n‘S(aK‘(' of such 
catalysts as Ixn-on fluoride, aluminum (*hlojid(‘, stanni(‘ chlorid(‘, or 
antimony i)entachlorid(' Jiiust involv(‘ a ditlVix'nt sort of nicclianism. 
Williams has measiir(‘d lh(‘, kiiu^tics of tluj ])oIym(aization of styrcMK' 
in th(‘ inesence of such catalysts and found th(‘ i’a.t(‘. to be, dir(‘(*tly 
depcaidejit on tlu* catal^'st concemtration. 

Polymerization under tlK\s(^ conditions may involv(' a polar chain 
mechanism, initiat(Hl by Reaction of the catalyst with a inononu'r mok'- 
cule. d'h(' catalysts an', in gen(*ra1, also effective cata.lysts for th(' 
Fried(‘l and (anfls ty 7 .)(‘ of reaction which depcaids on th(^ (‘k ct roj)hilic 
(ele(dron-acc(']jling) nature of the (*at.alysts."“" 

Hunter and Yohe-^ have suggested that the chain-initialing action 

Sec IVice, Chem. Rev., 29, 'S7 (1941). 

223 Hunter and Yohe, ,/. Am. Chem. Soc., 65, 1248 (1983). 
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of su(‘h catalysts dcpcaids on their clectroidiilic nature and c*-onsists in 
tlui ac(]nisilion l)y the catalyst of a pair of electrons from the double 
bond of the monomer. 


MCh+ C^C -> C® 

11 11 


(A) 


ChM— + nV=C — (On— C— (B) 


CC) 


IICI + cc-~(0n— C-=C ((0 


This mec'hanisni is lluis analon-ons to tliat su^j>;(‘sted l)y Whitmore for 
a(‘id-ca( alyz<Ml ])()lym(‘rizalion ; in th(‘ la.tt(‘r case the el(a‘tron-d(dici(ait 
((‘l(H*t ro])hiIic) catalyst consists of a, proton. UjuUt conditions in which 
]>ropap;ation is rapid coinpar(‘d with tlu* loss of a proton from tlu^ active 
])olynier, lon^-clia/m {)oiyin(‘!*s would result; nnd(a‘ conditions in which 
th(^ r('vc‘rs(^ holds triu^, dimers and (rimers would b(^ the ]>rin(‘ipal 
])roducts. 

If th(‘ cessation reaction were the uniniolecular loss of a proton, 
k‘avin^ a doubl(‘ bond at th(‘ end of the chain, the observations of 
W illiains/’*'- i.e., that th(‘ ra,t(‘ is dii*('clly d( pcaident on catalyst con- 
('<'ntra.tion, vhilr the dej;r(‘(‘ of ])olyinerization is indc»])endejit of catalyst 
('o]ic(‘nt ra.t ion, ^vo\ild Ih' a.i*count('d for. Fiuihermore, the ])olymer 
would 1)(^ an oi’^aJionudallic coinj)ound, which may account for the 
(iilli(‘ulty ('ncount(a*ed in fiHK'in**; su(*h ])olymers fi’om the catalyst.. 

In addition to tlu' kinetics of the n'action, an entir(dy satisfactory 
niechanisni fo?* polymerization must, account for the structure of the 
polyjiKU’ obtained. In ^eiu'ral, monomers with polarized double bonds, 
i.e., those containing negative gT()U])s attaclu'd at one end of the vinyl 
grou])ing, su(*h as stynau', acrylic ('st(‘rs, and vinyl estiu’s, might b(' 
e\j)(H*t(^d to polymerize^ in a Inaid-to-tail fashion, n'gardless of which 
j’<'action m(‘chanism is consid(a'(‘(l. This has beem found to be true for 
most of the addition polynu'rs which have bi'cn investigated. The 
M~haloa.crylat('S,^'''^ wliicli j>olyiu('rize liead-to-luaul, tail- to-t ail, app(‘ar 
Ui be an exc(‘])tion to the geaieral behavior of this type of compound, 
and there is at jm'sent Jio sa.tisfa.ctoiy (‘xplanation for this. 

Wbitiuoiv, J nd, luig. Clicm., 26, 94 (19o4). 
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INTRODUCTION 

The roduction of organic (*01111)01111(18 may Ik* acc.nmj)lish(ai by (dtluT 
of two g('ncTa] mcdiiods: (a) Ireatmcmt with clu'iiiifal rt‘du(*iiig agcails or 
(h) n'acddon with moh'cular hydrogem in tlu* ])r(\s('n(*e of a catalyst. Tlu^ 
S(‘Cond process is terimal hifdrogcnaliou wlum hydi‘og('ii is added to a 
double or triple linkages Gh'avagx* of a molecuk* by (‘ombiiiation with 
liydrogen in the prescaicx^ of a (*aialyst is ternaxl hijdrogoiohj.v^^. Both 
these proc('ss('s have been prov(‘d to lie valuable toeds in synthetic 
organic chi'inistry. It is tli(‘ purpose of this chapl(*r to provide tlu' fun- 
danuaiial ba(hground for an understanding of lh(‘se n^actions and for 
th(dr eniployiiKUit in th(^ laboratory. 

The number and natun' of fin* jmbliealions in this th'ld are such that 
no critical or compiT‘h(‘nsiv(' surv(\v can lx* madc‘ at the’ pr(‘S('nl time. 
Books by Sabatier-lh'id (1922) and (‘sj)(‘cially by Ellis (HkU)) give' a 
g(*n(ral idi'a of the historical (hwtdopiiKuit and \vid(' a])j)lica(ion of tlu^ 
catal.ytic combination of hydrogen with organic compounds. lb‘c(‘nt 
developments aix' siunmariz(‘d in th(^ Reports of flic Connnilfcc on Ca- 
laJysir^ publisher! liy the National Thvsearch ( 'oune*!!. The^ pre'sead discus- 
sion will therefore be' limitexl to Ihe* exmside'ralion (if the re'duction of 
common functional groujis, in Hie* lux'seaice* of the* caJalysts, nicke*!, cop- 
per chromite, platinum, and ])allaelium, with such comments on the 
experimeutal conditions, t('m])eraiure, pr(‘ssure, and solvents as may be 
necessary. 

GENERAL METHODS AND APPARATUS 

Four geueral methods for eairrying out the reuction are used. 

1. A mixture^ of hydroge'ii and the vapors of the organic compejiind 
are passcrl through a tube containing the catalyst maintained at a suit- 
able reaction temperature, 20° to -lOO^. The proper rale of flow must lx* 
de'termined in order tliat complete' rexluction will be e^ffe'ctexl. This 
medhod, introduce'd by Sabatier in 1S97, is not applicable' to non-volatile 
substances, is difficult to control, and hence is of liiniteid applica- 
tion. 
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2. Hydrogen is bubbled through the eoiupouiid dissolved in a solvent 
in which the catalyst is suspended. Atmospheric pressure and temper- 
atures ranging from 20® to the boiling point of th(' compound or the 
solution may b('. used. This procedure is wasteful of hydrogen and 
difficult to control. It is used to a limited extent in a few reductions 
such as th(^ llosenrnund (p. 808). 

3. The compound or a solution of the compound is agitated vigor- 
ously with th(' catalyst and hydrogen at a pressure of 1 to 4 atmospheres 
and temperatures of 20® to 60®. Usually the process is carried out in a 
heavy-walled glass bottle mounted in a shaking device and attached to a 
small hydrogen cylinder fitted with a jiressure gauge. A convenient 
apparatus is shown in Fig. 1. 

()nc(^ the apparatus has been calibrated, the course of the reduction is 
followc'd by noting the fall in pr(\ssure. This method is useful for the 
r(‘duction of functional groups which an^ easily reduced at low pressures 
and temperatures with catalysts which are active at 20® to 60® such as 
platinum, palladium, and Haney nickel. Because’; of the limited pres- 
sure and temj)eratur(‘. range's this methe)el canneit be use'd for the meire 
difficult hyelrogenations e>r hydrogemolyse's. 

4. Tlie fourth process e^onsists in agitating the eompemnel or a solu- 
tion of the eiompound and tlie' catalyst, with hyelre)gen at high [m'ssures, 
50 te) 300 atmospheax's, and at tempeTatuTVs ranging from 20® te) 400®. 
A special stevl reae'tion bomb is use'd fit teal with a j)re'ssure gauge as 
she>wn in Fig. 2. The' vessel is mount exl in an (‘lectrical lieating jae'ked- 
the tempe'rature' of whie*h is e*ontrolleel by meaJis of a the‘rmoe*.ouple and 
elee'trical e*ontrol systean. One' e'oin e'iiient type of a]>i)aratus is shown in 
Fig. 3. d'he ceairst' of the' re'eluction is followexl by neding the pre*vssure 
drop at the opeTating te‘m[K'rature. Usually it is e'e)nve'nient to calibrate 
e'ach bomb at seweTal te'mjie'ratures with a known eompemnel. 

This fourth ])roceelur(‘ was intrexhiceHl by I])atieff in 1901 but was 
ne)t wide'ly usc'd until the' im])rovements in the alloys for the bombs anel 
d(‘sign e)f re*actiori e'ejui])mont maele* liigh-p reassure', rexlue'tions relatively 
iiu'XjK'nsive, e'onvemie'nt, and sale. A elet ailed d(‘scrii)tion of the appa- 
ratus and a summary of rexluctions b^^ this femrth proc'ess have Imen givem 
by Adkins. 

Fi'om t he practical point of view, me'thoeis 3 and 4 above have prewed 
te) l)e' of gre'atest utility in the Iabe)rate)ry. IMost of the reeluctions 
described in this eliapter wow e*arrie'd e)ut. by e)ne of these methods. 

In e)rder to effect e'omplete' reductions sme)e)thly in the^ minimum 
amount of time, it is lu'ce'ssary that the ce)mpound be'ing redue;ed be 
pure and that a pure solvent be emple)yed. All catalytic processe's are 
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advorsoly affoctod by “jjoisons”; catT must Ihm'fon' bo takrn to k(‘('i) 
11 k' appai'alus cb'aii, to iis(‘ fniro compounds, and to ))r('paro the catalyst 
by lollowing exactly the procedures Avliich have been found to produce 
active catalysts. 

PREPARATION OF CATALYSTS 
Colloidal Forms 

Platinum, Paal - pn'jjared a ])lafiuum sol by addiup; hydrazine 
hydrate to ehloroplalinic acid dissolveil in a 2 p('r cent, solution of sodium 
profalbate or lyRalbat{‘ neiitraiizi'd with alkali. Afb'r redu(dion was 
coni])k't(‘ the salts wen* removed by dialysis and the solution evaporated. 
Plack ])lat ilium solutions conlaininf>, from 0 to 78 pea' cent platinum were 
obtained. 'Fhesi' colloids an* iircciiiitati'd by acids. Reduction of a 
1 per cent solution of chloroplatinic acid by hydrof>;en in the presence of 
f!,um arabic^ yiedds a colloidal sol stable in the* presence of acids. (Col- 
loidal forms of jilatinum have* also been ini'pared nsin<>; lanolin ® as a 
jirotective aseut. Colloidal hydrosols of ])latini:! hydroxide have also 
been ])r('par{'d.*’ 

Palladium, ('olloidal sols containing; up to 07 pi'r cent palladium 
prot,ect('d Iry sodium jirotalbate Aven' jArejiared by Paal - liy the same 
jirocedun' di'scribed above for jtlatinuin. (him arabic,'* soluble starch,'^' ** 
and f>,liit('n '■* have bi'cn usi'd as iirotc'clivi' agents to obtain colloidal sus- 
])ensions of finedy di\ ided iialhulium. Palladous hydroxidi' stabilized by 
{iumarabic ®oi'lan<din ''has also bi'en used. An organosol of palladium 
oleat(' may be obtained by the action of sodium oleate on ammonium 
])alladium chloride.’'* 

'rhi'se colloidal sols of platinum and ])atladium Avere used as catalysts 
in many of tlu^ early reductions but are not Avidely used at tlu*. piAiscmt 
time because difficulties a.r(' experienced in obtaining a uniformly active 
catalyst and in isolating the jiroducts from reductions. 

' I’aiil. lirr., 35, 0002). 

" Ptial and Aiiil>t‘r«:(M', /A ;., 37, TJ I (11K)4), 

‘‘Skila and M(\y(‘r, Ih r., 45, .‘i5S9 

^ AinbcM Kollnui-Z., 13, dU) (1913). 

'' Paal an*! Ainb(Mj^(*r, lb S. pat., 1,077,891 (1913). 

‘’Skita and Mryc'r, lU r., 45, 3579 (1912). 

’ Ikangiud, Bull. snr. chnn., |41 41, 1413 (1927). 

^ Bourgiud, (hid.y [1] 43, 231 (192S). 

K(d))er and 8chwar/, Her., 45, 1940 (1912). 

Sulzb(‘rg(T, U. S. pat., 1,171,902 (1910). 
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Amorphous Forms 

Platinum Black. 1. By the licdvction of Soluble Salts. Platinum 
bla(^k is usually i)r('par(Hl l)y IIk^ iiK'thod of Loc'w/* wliosc^ proc(^dure has 
bo(‘n modili(‘d by Willstatlcr and llatt/- by Wills! after and Wald- 
schmidi-Leitz/’'^ and a^;ain by Fcail^enJ^ A(*(*()idin^ to the ])rocediire of 
Feul^en, a 50 jx^r (^('nf solution of chlorojdatinie acid is redu(‘('d by 
nutans of a 40 per cent formaldehyde solution made strongly alkaline 
with sodium hydroxides After thorough washing the i-(m1uc(H medal is 
drieel in a vacuum de\siccator over sulfuii(‘ acid. 

Some hydrogenations may l)e e*.arrieHl e)ut- sue'ex^ssfully by rcelueing a 
platinum salt with hydi-e)geai in the ))i-e^se‘nce^ of the' mate'iial te) be'-hydre> 
genatexl. Acexnxling to the proexMlure e)f Paal a, varie'ty e)f j)latinum 
e'emipounds siieii as e‘hle)re)])latinie^ aciel, ])otassium e‘iile)re)platinate', 
platinous edileaide', etc., may be aeleleel in ])e)wele'reHl form, in aepie'ous 
solutiem, e)r suspendeel in fat or mine'ral oil, to an unsaturatexl fat, e)r fatty 
aeiel. Hardening e)f tlie^ fat takers places wheai hyelre)geai is ])a;SS(‘el into the^ 
mixture uneleT a. pre^ssure of 2-3 atme)sphe‘re's at SO^ C. Ph(‘ wate'r is 
evaporatexl e)ut first if an aejueM>us sedution e)f the e*aiaJyst Ijas Ixnai usexl. 
Paal rcH'ommeaids additieni e)f sodium eairbonaie^ to neutralize' the^ acid 
li])erated wheai the' platinum salts are' re'elue*e'el, l)ut Skita has el(‘se*ril)('d 
a similar pre)e‘e'eiure in whie*h ne) alkali is used and liyelroeiilojic aciel is 
sennc'time's adde'd. Skita adds the ])la.tinum salts in aeiueous sedution 
anel de)e's not reme)ve the water ])rior t,e) the' re'duction. 

‘J. By Reduction of (Iridcs. Tlio e)xide'S of platinum, wliiedi are^ esisily 
re'duced 1)3^ hyelrogem at re)e)m te'mperatiire te) the' ame)r])he)us form of the 
metal, are', good hyelre)geaiation catalysts.^^ The most active e*atalyst is 
e)btaiiH'd from })la,tinuin diejxide whie*h is prepan'el by fusion e)f chlore> 
l)latinic ae*iel with an e'xe*('.ss of se)elium nitrate at oOO te) 550° (). acce)rding 
to the pre)ce'dures ck've*lo])(H by Adams, Ve)e)rhe'e\s, and ShrineT.^”’ 

The me'lt is alknveel te) e*e)e)l and is disse)lve'd in water; the hyelrated 
platinum dioxide is re'inovcd by filtration and thoroughly washe'd with 

Lo(‘w, Ber., 23, 2S9 (1S90). 

12 WiUsliitier and Halt, Brr., 45, 1471 (1912). 

1^ Willstait(^r and WakLschniidt-Leitz, Brr., 54, llli (1921). 

i"! Fculgen, Bi r., 54, S()() (1921). 

Paal, U. S. pal., l,02S,75a. 

Skita, U. S. pat., 1,0()8,74() (I9I.'l); French pat., 447,421) (1912); Brit, pat., 28,754 
(1912); Brit, pat., IS, 990 (1912); J. Soc. Chvm. Ind., 32, 25:5 (191:5); Brit, pat., 10,28:) 
(19i:5). 

1"^ Adams and Shriner, ihid., 45, 2171 (192:5). 

1^ Vooihees and Adams, Am. Chvm. Noc., 44, i:597 (1922). 

i*"^ “Organic Syntheses,’’ ek)llectivc Vk>l. 1, .John Wiley <fe Sons, Now York (19:52), p. 452 
See also Cook and Linstead, 7. (Uietn. ,Snc., 952 (19:54) ; Bruce, Ny/?., 17, 98 (19:57). 
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1 per cent, sodium nitrate solution. Tlu' oxid(' is readily reduced to 
platinum black when a suspension of it- is shakt^n Avitb liydi-ogen. The 
oxide may ])e n'diiced IxTore addition of the compound beinj:;' hydro- 
gemit('d, or it ma}' b(‘ added along with the (*om])ound and then shakcai 
with hydrog(Mi. 

3. Sujrjyorlcd Plafininn Catnh/^'^P. Platinum l)lac‘k is often ])recipi- 
tated on an inert carri(a' whc‘Ti it is used as a hydrogcuiatiou catalyst. 
Among tlic^ mat('ria.ls most fre(]U(mtly used as carrier's arc' ba,?‘ium sulfate, 
acdivatc'd cluircoal, calcium ca.]))onai(‘, kic'selgulu*, and silic'a. gel. Tlie 
inca't matca'ial is susjKaidc'd in a wcxik solution of chloro])latini(* acid and 
warnicH for s(‘A'(*i\‘i 1 hours at Sodium (‘arbonatc' solution is thc'U 

adch'd t-o ncaiti-alize tlu' a,(‘idity. The ])latinum is prcM'ijhtated on tlu^ 
carriei’ in tlie form of the liydroxide. The' catalyst can bc^ liltc'rc'd, waslu'd 
with watei-, and dric'd in a vacuum d(‘sicca,tor. J']nough chloro])kitini(*. 
acid is usuall}^ uscmI to giAC' a ])rodu(*t containing 2 -5 ])('i- cc'ut of plat- 
inum. A ])latinum catalyst (‘inploying silica g(‘l as a ca-n*i('r has bcvJi 
pr('i)ar(‘d by Ht\v(irsf)n and liis (‘o-Avoj‘k(‘rs by cA^acaiating silic’a 
g(‘l to i-c'iuove th(‘ air, thc'ii saturating Avith hydrogen at a baniH'rat.ui'C' of 
15-50°, a]id trc'aling with a ])la.tinous solution obtaiiu'd by r(‘du(*ing 
chloi’oplatinic acid Avith sulfur dioxide'. Tlu' l)lalinum is redimc'd to the 
frc'O metal by tlu' hydrogen in the* gcL 

Aslx'slos lias also bc'cai ('inployc'd a.s a carric'r for ])latinum blac'k. 

aslx'stos is usually soakc'd in a- solution of (*hloroi)kitini(* a-cid, and 
th(' nu'tallie* })la,tinum is dc'positc'd by rc'diu'tion Avith formaldc'.liydc' and 
alkali,"^ or l)y rc'duction AvilJi hydrogcai at 150° C. aftc'i* the asbc'stos has 
Im'cii dric'd."''’ 

Z('olit(‘s have' ])rvn uscnl as carric'rs for ])la,tinum. The artificial 
Z(‘olite, sodium pc'rmutitc*, can be* hc'atc'd until most of the Avatcads ch'ivc'ii 
out and tlu'n soaTc'd in a seJution of chloroplatinic ac^id. Drying a,nd 
heating, folloAAcH by jvmoval of soluble salts by AAUshing, givc'-s a plat- 
inum zc'olitc'.^^’’ 

Palladium Black. _/, Bij Rvduclion of SoJiddc S(dls^ Palladium black 
is oftc'Ti })r('par('d by the* rc'duction of sedutions of palladium salts Avith 
sodium formate or Avilh formaldc^hydc'.-^ The sodium formate I’educ'tion 

IIoiil— ii-Wcyl, Ml Uiodoii ili-r oinimisclion (Uu-niic," A’-il. 2, p. 19!). 

KanVr, Bn., 57. 12(;i (l!)2t). 

1 .iitshaw ami Koyi-r.sori, ./. .Iw. Chnii. Sue., 47, (ilO {192ri). 

Mom.saiicl Itoyi-rsoii, I'ltin. <'hnn., 31, 1220 (1927), InM. PHroloiim Tech., 221 A 
U927); J. PIn/s. ('hem., 31, i;)22 (1927). 

Zelinsky and 'I'nrova-Pollak. Per., 68, 129S (192.'i). 

2“ Bainitl and Tilley, J. Chem. ,SW., 115, •)()2 (1919). 

Mittaseh, Rehneider, and Moiawitz. IT. S. pat.. l.dl.I.dOtt (1917); Brit, pat., 1,358 
(191,5). 

llouben-Woyl, “Oic Methodon der organisehon Cdiomie," Vol. 2, p 49.S. 
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is carried out by slow addition of formic acid to a solution of palladium 
chloride made somc^wliat l)asic with sodium hydroxide. Rediiclioii l)y 
formaldeh3"d(' is (‘airicnl out by addilioii of 33 ])er cent formaldehyde' 
solution and a 50 per cent potassium hydroxide' solution to a dilute solu- 
tion of j)alladous chloride' containing hydrochloiic a-cid. In ('ither })ro- 
cedure the palladium black is filtered from the solution, waslu'd with 
water on the' filter, and dik'd over sulfuric acid in vncuu. 

With ])alladium, as vdili jilatinum, some hy(lroi;’('nal ions may b(‘ 
carried out- by mixing palladous salts with tlu^ mate'rial to be^ hydro- 
genated. Proc('dures have b(‘(m work(‘d out by l^aal a-nd Skita, 
which are the same as those descrilx'd al)ov(' in whieii ])la.tinum salts 
w(u*e used. 

3, By Brdudion of Oxides, An ae'tive })alladium bla(*k e^ataiyst is 
obtained wIk'Ii palladous oxide', prc'pare'el by the' nu'thexl e)f Shi’inea* and 
Adams, is re'diu'e'el by hydre)g('n in the^ ])rese‘ne*(' e)f the', su) )st ane*e' te) 
be hydrogeuiated. Pallnelenis e*hle)riele'. is fuse'el with sexliiim nitrate', anel 
the' te'inpc'rature is raise'el te) 575 000^^ to prexluce^ ])alla.ele)us oxiele'. The* 
melt is cooled anel tre'ate'd with distilled water. The' ejxiele is re‘nie)ve'el by 
filtratie)!! anel waslu'd with a 1 ])er ex'ut soIutie)n of sexliuin nitrate'. 

3. Supported Palladium CaUdysls, Barium sulfate' e)ften serve's ns a 
carrier feir pallaelium wlie'ii it is used as a hydroge‘nntie)n e*atnlyst. The' 
usual methe)el fe)i- tlie preparation of this e'atalyst is that e>f Schmidt."^’ 
Barium sulfates which has bee'ii i)re'e*ii)itate'el fi\)m a he)t solution is sus- 
pe'ude'd in wat(‘r anel tre'atexl with a dilute sejlutie)n of ])allade)us e*Iile)riele'. 
The i)alladium is i'e'elue*e'el te) the' free me'tal by aelelition e)f a se)lutie)ii e>f 
fe)rmalele‘hyde (40-50 jx'r ex'nt) inaele* alkaline' te) litmus with se)elium 
hydreixieie*; the', mixture' is be)ile‘el until the' se)lutie>n be'e‘e)nie's ce)le)rle'ss. 
The catalyst, a gray residue, is them filte're'ei e)lT, washe'd the)re)Ughly with 
hot wate'r, anel dried in a ck'sie'e'ate)!* e)ve'r i>e>t-assiuiii hydre)xid('. 

Varie)us types of ae'tivate'el charce)al have seiwe'd as e'arrie'rs feir 
pallaelium. Sewe'ral irn'lliexls e)f j)re'paratie)n ha\'e Ix'e'ii ele've‘le)pe'd,'^^*’ 
but those use.'d by Ilartung and by Ott anel Se'hreiter a]*e' ]X'i‘ha])s the' 
sini})lest anel be'st. Ae*tivated chare*e)al is shn.ke'n with a sedulion of 
palladcjus chloride in an atnios|)he!-e of hydi‘e)ge'n until saturatexl. The', 
charcoal containing the' palladium is filte're'ei, w^ashexl, elrie'el, and ke'pt in a 
vacuum desiccator. 

Shriller and Adams, J , Afti. ('hvin. >SV>r., 46, leiSI^ (1924). 

Schmidt, Bvr., 62, 409 (1919) , Ocr. pat., 252,i:Xi. 

Sabalilschka and Xloses, 60, SOI) (1927). 

Mayor and Stamm, Bcr. 56, 1424 (192)>). 

Marmich aiul Thiolo, Brr. dent, jtharin. (d s., 26, nO (1910). 

IlMrtnnjK, •/. Am. Chrni. Soc., 50, iiOTO (192.S) ; J, Boc. ('firm. Ind. 54S (1910). 

Ott and SchnXer, Bcr., 60, Oih‘3 (1927). 
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Calcium carbonate has also been used as a support for a palladium 
catalyst. According to the method of Busch and Stove,®® calcium car- 
bonate prepared by the treatment of a hot solution of calcium chloride 
with sodium carbonate is suspended in vvaten- and a solution of palladous 
chloride is added. The mixture is gently w-armc'd until the palladium is 
deposited on the carbonate as palladoxis hydroxide, and tJie catalyst is 
washed a few' times with distilled water by decantation. It is then 
filtered, washed on the filtt'r until frt'e of chloi idc's, using as little water as 
possible, and dried. Keduction of the palladous hydroxide' takes place; 
during hydrogenation. 

Palladium catalysts supporte'd on silica gei have; bee'ii described.^® 
Latshaw and Re'ye'rsein have' jne'pareei such a catalyst in the same; 
manner as they jne'pare'd the;ir platinum-silica gel e-atalyst described 
above. Silica gei which Ikis be'e'ii e'xhauste'd in a vacuum anel then sat- 
urated with hydreigen is treate'd with a solution of ammonium chloro- 
palladite. The imllaelium is re'duce;d by the hydrogen and deposited em 
the gei. The catalyst is the'ii waslu'el and elrieel. 

Kie'selguhr is another sui>i>ort wiiich has been used for palladium. 
Sabalitschka and Mose's jire'pare'd sue-h a catalyst by shaking kiesel- 
guhr with a very dilute solutiem eif iialladous chloride until all the salt 
w'as adsorbed, then re'ducing by shaking the suspension with hydrogen. 
The catalyst W'as then filte;red from the solution, w’ashed thoroughly 
with water, and dried. 

Palladium zeeelites have' been prepared and reduced 1,o give a sup- 
pe)rte'd palladium catalyst.-® Sodium pennutite is eligested with a dilute 
solution of palladous chloride' containing a little hydrochle)ric acid until 
the palladous ion is rerneeveei from solutieen. (The solutie)n becomes 
ce)lorle.*ss.) The. mate'iial is w'ashed thoroughly and the;n reduced with 
hydroge'ii at 150-200° or with foi-malde'hyde at a low'er temperature. 

Schwareman ®® heus sugge'ste'd metallic sesepiioxide's such as aluminvim 
oxide jis carriers. This catalj’st was pre'pare’d by ])recipitation of a 10 
per cent solution of aluminum sulfite by its eeiuivalent of 20 pe'r cent 
sodium hydroxide at 77° C. After the precipitate is washed it is boiled 
with a 0.3 per cent solution of i)alladous chhnide. Th(' catalyst is filtered, 
W'ashed, and dried at 77° C. A platinum catalyst may be prepared in 
similar fashion, but is less active. 

Nickel. Until recent years the type of nickel catalyst most commonly 
used in the laboratory was prepared by reducing with hydrogen a nickel 
compound which had been deposited on a suitable inert., porous support. 
The support was impregnated with a nickel salt, and then nickel hydrox- 

“ Busch and Stove, Bcr., 49 , 1063 (1016). 

Schwareman, U. S. pat., 1,111,602 (1914). 
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ide or carbonate was precipitated by the addition of sodium or ammon- 
ium hydroxide or carbonate. The support was then washed free of 
soluble salts and dried, and the resulting nickel oxide was reduced with 
hydrogen at 300° to 450°. In order to facilitate the washing process the 
use of nickel nitrate and ammonium carbonate has been rewmmended, 
but if the cost of the salts is an important factor the sulfate or chloride 
and sodium hydroxide is satisfactory. The activity of the catalyst is 
determined by many details such as the type of support, the exact pro- 
ccidure followc^d, the purit}^ of the reage^nts, the' temperature and rate 
of reduction of the nickel oxide, and the presence of other oxides. A 
satisfactory procedure for the preparation of nickel on kieselguhr has 
been described.'*^’^ 

Raney Nickel, The most common nickel catalyst today is that pre- 
pared according to a process invented by Alurray Ran(‘y.^^ It is com- 
mercially available as an allo}’ containing a])]:)roximately equal weights 
of ni(*kel and aluminum and corresponding to th(‘ formula NiAlo. The 
aluminum is dissolved out of th(‘ alloy with sodium hydroxide', and the 
residual nickel, after thorough washing, is ston'xl undc'i* wiit(‘r, alcohol, 
ether, dioxane, m('thylcyclohexane, or otheu* liciuid. A suitalde procedun' 
for the preparation of the catalyst from the alloy is described by Mo- 
zingo.^^ The Raney nickel catalyst is active for some compcninds at lower 
temperatures than the su})ported nickel catalyst, and it is much more 
accessifde and convenient. It is not. so readily susi)ended in a. reaction 
mixturii, and the amount of ni(‘k('l re(|uired for a gi\'en hydrogenation is 
many times gn'atiT than for a nickd on kiesedguhr catalyst. 

Cobalt has often been suggested as ecpial to or s\i])(‘rior to nick(‘l as a 
catalyst for certain types of hydrogenation, but. tlu^n^ apjx'ars to be no 
unequivocal evidence on this point. 

The addition of other metals such as co])])(t, zinc, chromium, molyb- 
denum, iron, cerium, occasionally senms to improM* th(‘ catalytic action 
of nickel. (1. B. L. Smith and associates in ii'cent years have pub- 
lished a series of papers in w hich are dc'seribed tlu^ Ixncdicial (Tfc'cts of 
adding platinum to Raney nickel. 

Copper Chromite. A large number of oxides, suc*h as zinc oxidi', 
nickcJ oxid(', c()])pc'r oxide, chromium oxides, and molybdcaium oxide, 
for instance, are catalysts for hydrogenation, but in gema-al they suffe'r 
from two disadvantages. Tluw eitluir n^quire a high temperatui-(^ (300° 
to 500°), or else th(\y are n.'adily dc'acth’ated by reduction. Coi)per oxide 

'"‘^Covert, Connor and Adkins, J. Am. (Item. *SV.r., 54 , 1051 alKO p. 19, 

“Reactions of Hydrf)^'on.’’ 

Murray Raney, U. S. pat., l,r>2S,190 IMay, 1927). 

Mozingo, Or/j. Synthc-sva, 21 (1941), John W'dloy & Sous, New York. 

Reasenljerg, Lieber, and Smith, G. R. T.., J. Am. i'hrm. 61 , 3S4 (19^9). 
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in particular suffers unclear the second handicap, but if it is coin])iiied 
with cliroiuium oxide it is stnhilized against ixHluctiou without losin^i; 
its catalytic activity. Presumably, the catalyst is presiait as coppi'r 
chromite (.''u(h ^04 ((jrbp;(‘r)‘^^ Tlu' ])res(nice of small amounts of barium 
or calcium chromite in the catalyst mass tends to stabilize the dival(‘i]i 
copper against n^duction. The catalyst may \ h ^ made in many difhax'nt 
ways, but the most satisfactory mc^thod is by the thermal de(omposition 
of cop])er anunonium (‘hi’omate,*^- ])repared by mixing \\'at(a’ solutions 
of a co])p('j- salt , a, chromat(', and ammonium hydJ■oxi(l(^ It is not n(a*(‘s- 
sary to wasli tin; p]‘(‘(‘ipitate, but only to dry it and heat- it to a suitabk' 
temperature (loO- 200 "^), wlnai it. (h^composrs rather viohsitly. Th(‘ 
catalyst is tluai washed with dilute acc'tic acid and water and dried. The 
fiiH'Iy dividend blaek catalyst- may b(' k('pt indi‘tinit(‘ly. 

(k)])j)(‘i- chi'omile is active^ in the temp('ratur(‘ ran^e of 100° to 
but. usually r(‘(iui!'('S hydro, a;(‘n [)r(‘ssur(‘s of 100 to ‘>00 atm. At t(*mi)('ra- 
tu]’(‘s abov(‘ OOt)^', or in th(‘ pr(‘sen(‘(‘ of wat(*r, acids, or ammonia, it is 
like ly to b(' r('du(‘('d to a r(*d (aij)rous (*omi)ound whicii has little (;atal)di(* 
actiA’ity for hydro^c‘nation. 

Other Oxides. Zim* oxide* is active* as a (*atalyst for hydro^*e‘nat ion 
from oOO^ to lOO"^, Zinc eiiromite htts be*e*n [)articularly use‘ful for the* 
hyeh'opienat ion of e*arbon monoxiele to methanol. Zine* chromite* is also 
ae'tive for the hyelro^e'nation of (‘sters to ale^ohols at IJOO"^ to 1)50°. It is 
nf)t(‘woi'lhy that by its use an unsaturate'd e^stta* sueii as e'thyl ole'ate* can 
))e‘ hyelros(*natc‘d to the* corre‘S])ondin^ unsatu!'ate‘el olewl ale-ohol.'^'^ Ilow- 
e‘.V(‘r, the* pre)eluct always (‘ontaiiis e*onsiel(‘rable* quant it ie‘s of the satui*ate‘d 
e)e‘tael(‘e‘vl ale'ohol. Me)lybdeuum sultide has been r(‘e*ommeaule*d fe^r the* 
hyelre)ge‘natie)n e)f sulfui-ceaitainin^ e‘om])e)unds at- o50° to 400°. 

Ikite'ut claims for thrse* a,nd many other substane*i‘s have* ])e‘e'n made*. 
UiKUK'stioiiably, many compounds ne)t me*ntie)ne‘d abewe have merit as 
(*atalysts fe)i’ hydre>^e‘natie)n, el(diyelro‘i;e*natie)n and elis]>ro])e)rtie)natio]q 
e*si)e*cially for t(‘m])erai ure-s above oOO"; but i)latinum, palladium, nie*ke*l, 
and e‘e)])})e*r chre)mite*. are e*e‘rtainly the most useiul e*ataiysts in the* 
or^anie* laboratory at the i)re*se*nt time*. A table* she)wino; e)ver sixty 
hyelre)^('nalion e‘a.talysts A\ith cemmu’nts on their i>j‘e*])aratie)ns, activities, 
and use*s is j 2 ;iAa*n by Williams and Beeck.*^^ 

etaciic*!, /. anorii. 58, 412 (lOnS); 76, IK) (1912). 

( ’oinior, Folki'i.s, niul Adkins, J. Am. CJum. A'or., 64, lldS (1922), iilso p. 12, “Hone* 
Ijoii.s of 1 1> dfoKi'H.” L:izi('r and Arnold, Org. Stpi,, 19, 21 (1929). 

Sau('r and Adkins, ./. Am. ('hmu. Sue , 59, 1 (1927). 

‘MVilliains and iVnck, “Twelfth Report of the Comiiiittce on CatalyaLs,” p. lU 
John Wiley it Sous (1940). 
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THE ROLE OF THE CATALYST IN HYDROGENATION 

The following discussion oulliiu's a Avoi kiiig (*oucept of tlu' role played 
by the catalyst in hydro^caiatiou.*^-’ Tli(‘ liypoth(\sis sup:sestc‘d ration- 
alizers a inultitud(‘. of observations, many of which an' otlu'rwise anom- 
alous. No alt(rin])t will be made to enter into the fin(‘, d(‘tails of the 
iiKHtianism of catalysis. It will be assumed that wc' ai-e (^onceaiied with 
the ordinary chemical I'eractiojis of hydrogeai, catalyst, and hydroge'n 
ac(*eptor with oik^ another. 

A catalyst may be derfined as a substance' that ace*e'le‘raters or causers a 
reaictiem te) take place'. Catalysis is cemeHTiied with the influe'ne*e' of one 
mole'cule upe)n the' be'havie)!* e)f aiK)th(T nK)Ie'e*ule‘. dtiis de'fmitioii 
assumes that two mole'eaik's, such as those e)f hydro^c'n and e'thyk'iu', elo 
not reae*t with each e)the'r e‘xe*e'{)t unek'r the infliK'ncc' e)f a thirel substane*(', 
such as nie^ke*!. The' catalysts for hyelre),iz:enation a])])ai'nntly function 
by combining with the' hyelroge'ii and with th(‘ C()inj)ound to Ix' hydro- 
genate'd (hyelrog<‘n ace*e'j)tor). TTie' re'sult e)f this combination with the' 
(catalyst is that the' hydre)gen anel hyelre)ge‘n acce'])te)r ]*('act witli e'ae'h 
otlu'r. Simply e'xpn'sse'el, moleeuile's e)f hydroge'ii and mole'cuk's e)f 
ethylene are ine'rt towarel e'ach e)th('r, but hydrogen attnclu'd to nicke'l 
may reae't with e'thylc'ne' attaclu'el io nicke'l to giv(' elhaiK'. The' e'thane' 
the'n leave's the' nie'ke'l, ])e‘rmitting the' metal to n'act. with more' c'thyle'ne 
anel hyelroge'n and so re'pe'at the' pnje'e'ss of hyelrogc'iiat ion. 

What are the' characte'iistie's e)f a '‘ge>e)er' en* e'ffe'ctive catalyst upem 
the basis cjf this simj)le' con(.'e'j)t e)f the j-ole' e)f the catalyst? Idrst, a ge)e)el 
catalyst must be' stable' unde'r re'action coiielitie)ns, anel man}' e)f the' 
things that are' eioiie' in pre'paring anel using a e*atalyst are' conru'cte'el with 
stabilizing it against e*hange. Fred)abl}’ many so-e*alle‘d proniote'rs ine're'ly 
te'nel towarel stalalizing the e*atalyst rathe'i* than e'lihane'ing its activity. 
Ortain catalysts, espe'cially those' use'el in catalytic e)xidation, such as 
copper, silvc'r, vanaelium ejxide, anel inolybele'nuin-iron e)xide', are' e'em- 
stantly renewing tlie'ir surfae*e‘s by alternate ex\idatie)n and re'eluc*- 
tion. 

A change in e'xpe'rimental e*eniditions may re'neh'r a e*atalyst use*le*ss 
because it can no longer maintain the' active form. Fe)r ('xam])le', e‘e)ppe'r 
chremiite, an e'xe'.e'lk'iit e^atalyst fejr hydre)ge'natie)n in the' lie[uiel phase', in 
many cases is not so satisfacte)ry in the' gas i)hase. This is l)e'e*ause the 
divalent. ex)))pe'r in the' active' catalyst is me)re' re'aelily re*duc.e'd l>y hyelre> 
gen if the coppe'r ciiromite is ne>t we*t.. An e'xete'ss oi wate'r facilitatc's the 
dediydration of alcoheds e)ve‘r alumina, whereas an c'xce'ss of ammonia is 

Adkins, Ind. and En^. (luni., 32, USD (11)40). 
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advant agcYjiis in dcdiydro^onating aniiiK's. Tliose various n^agents prob- 
ably improve the proe('ss(‘s b(a*.aus(‘ the}" inainlain tlu* eatalysl in the 
proper state of oxidation or b(Taiise (hey prevcait th(‘ aecunuilation of 
by-products on tlu' active surface. 

A good catalyst for hydrogenation must coinl)ine sev(a'al distinct 
characU'ristics or abilitii's in addition to maintaining its active stale 
under n^a-ction conditions, 

1. It must adsoji) and activate liydrogen. 

2. It must adsorb and activate th(‘ hydrogcai acc('])tor. 

3. It must hold tluau in IIk' ])ro])(‘r ratio and s[)a,ce rc'lationsliip. 

4. It must dc'soiL tlie r(‘du(*(*d (*ompound. 

TIk' i)r(‘S(‘nt dis(*ussion is ])rirnarily con(*(‘rn(‘d with s(‘\(‘ral types of 
ol)S(a*vations, wliieh may lx* j*ationaliz(‘d in {('i‘nis of tlu' se({iu‘n(*(" of 
n^actioiis on tli(' catalyst outliiuHl at)ov(‘. First, conddcM* an exain])l(‘ of 
th(' ]‘C‘sults of a. variation in tlu' ])ro])ortion of tlu' hydrogcai and liydrogmi 
a.(*(‘e])tor on tla^ su!*fa(‘(‘ of 1h(‘ catalyst, as d(\scribed by Cmxfoi’d,'^^’ for the 
]''is(*h('r-Tropsch sy nth('sis of hydrocarbons. In this proc(‘ss carbon 
monoxide' and h\'drog('n at atmospheric ]>]’('ssur(' an' ])ass(‘d ov('r a 
cobalt, iron, or nicke'l catalyst he'ld at. about. 200°. Dining the first 
f('w hours aftc'i* th(‘ (‘atalyst is put into s('rvic(' there' is a large' aineiunt. of 
hyeh‘e>ge'n ein the' e‘alal\'sl, anel me'thaiu' is the', eiiief jiroelue*!. Afte'r a 
time' Uh' ameamt eif hyelreege'ii eai the' catalyst is mueii less than in tlui 
e'aiiy stage's, anel hyeh'ocarbeins cemtaining many carbon atoms in e'aeii 
moh'e'ule' are ])rodu(*eel. That, is, in the' e'aiiy stage's with an abundane'c' 
of hyelroge'U ein the' catalyst, the're' is nej eippeirtunity fen* (*arbe)n atemis te) 
e*e >111 bine' with eiiu' aneitlu'r io fe)i*ni long eiudns, lor e'aeii e'arbein (as ceibalt 
e'arbiele') is aelja.e*e'nt te) aelse)ii)e'el hyelreige'U se) that me'thane is tho main 
j)i'e)ehie*t. Afte'i* the' first fe'W heiurs eif use' tlie're^ is le^ss hydroge'ii on the^ 
e*atalyst anel tlu're'ldre' men*e e‘ha.ne.*e feir synthesis by inte'raction eif 
adjae'e'ut. e'ai bein ate)ms. In the above inslane*e the' eiiange in the' })i‘ 0 ])ejr- 
tie)n of j)roelue*ts is eliu' te) the' eiiange in the surfae'e e)f the e*atalysf so that 
afte'r a time' hyelrogen is laid in le'sser amennits tiian by the newly pre- 
])are'd e*atalys(. 

The ])re)pe)rtie)n e)f the' ])re)ducts IVemi the hydreigenation of a giveni 
ceimjiemiul may alse) be', ratlu'r profeiundly moelifie'd by a variation in the 
])re'ssure' eif hyelroge'ii. Fen* e'xainple', at 120 at niosplu'res, o'-oximineiaex'lo- 
a,e*e'tie‘ e'ste'i* give's mainly a pyraziiu', fe)rmiila I, when hydreige'nate'd ove'r 
nieki'i at S0°; at. 320 atniosiiiere's the hydrogenatiem gives a-amine)- 
/3-hydre)xybutyrie* ester, fen'inula II: 

e'raxford, Trans, Faraday Foe., 35, OU) (10Z9). 

Adkins and Rot'vc, J . Am. Fhcni. Nnc., 60, UkJS (193S), 
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Tfi(‘ foj'iiiiil ioTi of <}i(‘ pyraziiu* d('p(‘ii(ls ii])oji tlio n^aolioii of two mol('- 
f*ul(\s of th(‘ oxiinino (‘sic'r. At tlu* liijz;li(‘r i)i‘(‘ssur(‘ tli(‘r(‘ Avould )k‘ niort^ 
Iiydroft*(‘n on lh(' (*alal\’st and 1h(‘r(*for(^ I(‘ss prol)al)i]ity that two molc- 
(^ul('s of the oxiinino ostor AVouJd Ik^ n(‘ar (aiou^Ii io (‘acli olln'r on llu^ 
surfaces of tlio catalyst so ihixl iniiawtion \vould l)o ])()ssi))l('. 

A slow hydros<‘nation of an (‘stia*, duo to a low pr('ssnr(* of liydiT),u;en 
or oth(‘r caus(‘, is lik{‘ly to ^iv(' considcTalde amounts of a high-niohaaihir- 
(‘stxa’. For insta.n(‘o, o(‘ta.(k‘(‘yl st.('aral(' will ])r prodii(*(*d by tlu‘ 
hydrofj!;onation of (dhyl stc'arato. Fliis n^sult. may Ix' ra.tionaliz(‘d if it is 
assunaxl that. st(\‘iraldohyd(‘ is an int('rm(Hliat(‘ st(‘p in th(‘ hydrooiaiation. 
If the aldohyd(‘ is not. (juickly hydro^(‘na.t(xl, two inokaaik's may inti'r- 
act according!; to th(‘ Tisficluaiko naiclion to o(‘tad(‘(*yl st(‘arMle: 

Ci7^lyS\)^Ct>lU+ 112 Ci7b;u>CdI0 + F2n:.()II 

2Ci7ll3:,('Tl() (byllsr/^O.Cdl.CbTTT.s., 


It may tlms Ix' said that a low' (‘oncont ration of hydi’o^cai on thr^ sur- 
face of the catalyst favors synthetic* r(*a,ctions whi(‘h involve' two or moj*(' 
mol(Mail(‘.s of hydrogen a(*cc‘ptoi-, Sin*li alow' concc'iit ration of liydro^en 
is advantageous in the' Fischca-Tropsch pro(*ess, which is tla'rc'fore (‘ai- 
ricxl out at a low prc'ssure of h^alrogcai. A high pix'ssurc' of hydrogon is 
advantagcxnis in hydrogenations wdiei'c^ condensation with the jiroduc- 
tion of high-molecular-wx'iglit eomixainds is not dc'sirc'd. 

The im])ortan(*e of having the right jiroportion of tlu' two I’c'actants 
upon th (3 surface of thci catalyst is also shown in the hydrogcmatioii of 
acetylene on platinum. Faikas and Farkas obsca’vc'd that thci ra((^ of 
hydrogcaiation was decreased by an increa.s(' in tlu', prc'ssure of acc'tyk'iu' 
from 70 to 150 mm., while an incnxise in the jiressure of hydrogc'ii in- 
creasc'd the rate' of hydrogenation. It is obvious that tluax' was a d(‘fi- 
ck'iicy in thc^ amount of hydrogen on the' iilalinum catalyst-, and that too 
much a(*(^tylene was adsorbed. 

The hypothc^sis outlincHl above offers an explanation of observations 
on the reflation of the jirc'ssure of hydrogem U) th(' rate of hydrogcaiation. 
For exami)k', platinum and palladium are active at jiressures n(\ar atmos- 
phc'ric, co}ij)('r chromite requires pressures of 50 to 300 atmospheres, and 

Parkas and Farkas, iOicI.j 61 , 3390 (1939). 
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nicki'l is soinowhat inha'iiic'diato in its ])n'ssur(' iv(|uir('nu'nl s. Tlu'st' 
obsc'rvations an* uiKh’rstaiidabli' if it is iissunu'd tliat platiniuii and 
palladium take* up oiiou^li hydi-o^cui at at mos])lu'ri(* pn^ssuro in j)n)p()r- 
tiun to tli(' amount- of hyvlro.t!;(‘ii ar(.‘('])t()r adsorlu'd, wlu'roas ooppea* 
(*hromil(‘ does not have* sufiiciout hydro^cai on its Mirfaa* at rola- 

tivoly lii^li ]u*(‘ssurt's. 

AVith a ^iv('ii catalyst, the (‘lT(‘ctivt‘n(\^s of increased pn^ssurc' of 
liydro^»:('n varic'S with tlu* parCKailar hydro^cai accc'ptei* involved. ln)r 
exampk*, liiji'lH'r pr(‘ssur('s of hydro^iai an* much mon* imj)ortant with 
('st('rs such as (‘Ihyl triiiK't hylacetatc* or <rK‘thyl cainjdiorate than with 
straight-chain (*st('rs which have no branching on tin* carbon atom alpha 
to the carbidhoxy j 2 ;roup. This obsc^rvation is und(*rstandabl(* in terms 
of the ])ictur(* of tin* n'action pn)C(‘ss sL^TcIkhI above. In ord(‘r for n‘a(*- 
tion to tak(' ])lac(‘, hydro^xai must. l>e ads()i‘b(*d on ^hictivc* c(*nters” of 
th(‘ catalyst vMitiici(‘ntly clos(* to tin* carlxdhoxy t;rouj) for reaction, ddu* 
branch('d-chain (‘St(‘rs will tend to cov(‘r a l.‘wn;('r ar(*a of the catalyst than 
the st i*ai^ht-chain ('st(*rs. Th(‘r('fore a hi^lna* pn^ssun* of hydro|^en is 
r(‘(iuir(*d to ov(‘rcome th(‘ shic'ldin."; (dlV'ct of th(* bran(*h(*d chains on 
a(‘tiv(* centei’s of tin* catalyst adja(‘<‘nt to tlu* carb(‘tlio\y ^’rou]). 

Th(‘ commonly a.cc(‘pt('d picture* of the* surface* e)r the* catalyst is one 
in wliie'h ae*li\’e* e*e'nte‘i*s for aelsorptieni are* dist ribute*el e)ve*r the* surfa.e*(*. 
Tlu* a(‘ti\'e* e*ent( IS pre'sumtibly e-onsist e)f ate>ms whose* \’al(‘ne*e* re)rce*s an* 
not ('iitire'ly satisfie-el by e>ihe‘r ateuns in the* sui*faA*e‘ e)f the* (‘alalyst. Tlu*s(* 
ae*1iv(* e*(*nte'rs a ary in a.cti\'ity. I'or e‘xa.m]>le*, a ^iv(*n e‘(*jit(*r may be* 
Mil{ie*i(‘ii(]y acti\a' to combine* with (‘thylene* but ne)t, with hydro^e'U, 
wh(*r('as anolli(*i* c('nte*r may be* se) slnm^ that it will he)ld hydi‘e)^e‘n a.s 
W'(*ll as e*thy]<‘n(*. The* activity e)f the*se* e*(*nt(‘rs m.ay e*han<i;e* with the* use^ 
e)f the* catalyst, as has b(‘('n illust j'at(*d in the (‘ase* of the* (*a1a,lyst for the* 
l''is('lie*i-Ti*o[)S(*h p]'oe*e*ss, Tlse* numlK*r of e*(‘iit(*rs e)f a ^‘ive*n de*^ree of 
ae'tivity a,\'ailabk* ])(*r unit are'a e>f the ca.talyst is ofte*n small. Alme|uist 
and Blae'k"^’’ ce)n(TKle*el that, in the* hyelre),ae*natie)U of nitre)^*e*n to am- 
monia only e)n(* in twe) theaisaiid ateuns e)f iron in the* e*atal^^st mass was 
aeti\a*. The^ nunibea- aiiel a,c(.i\'ity of tin* aedive ce*nt.e]‘s in a catalyst are 
ele*te‘j*mi)u*el in ])art. by the ])artie*ular ])re)(*(‘dure fedle)w^e*el in the prepara- 
tiem e>f the* catalyst. 

The j'e* an* no e*xpe‘rimental ine'thexls wdiie*h she)w e*onclusive*ly that the* 
s])ae*iui>; e)f the* aA'tive* e*e*nte'rs on the e*at.alyst. ele*te*nnine*s the i-ate^ e)r diree*- 
tion e)f the* re*ae‘lions bi*e)U^ht abeait by the* e*n.talyst. By infe*n*nce*, many 
facts su^'ge*st that, the s])ace* re'latiems on the e*at.a.lyst surface are of 
primary importance*. The.* variation in re‘lative* re‘activily anion, t;; org;anic 
compouiiels with variation in the vsize and shape of mole*(‘ule*s shows con- 

Alinqiiist and Black, ihuL, 48 , 2814 (1930). 
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(*liisiv('ly that factors naiy d(4crnrm(‘ tlic sjxH'd of r(‘acli()n and llic 

])r()l)()rti()ii of products, a-s illustratc'd l)v diff(‘r(‘nc(\s l)(4 vv(‘(*n the Ix'havior 
of S(a>ii)('trical isonici*s in catal^dic hydi-ojj^(‘nation. If vajiatioii in the 
configuration of tlu' hydi-o^cni ac(*cp1or jdays a rolc^ in llu' catalytic reac- 
tion, it is but. r(nisonal.)lc to conclude^ that a similar tyjK^ of xariation in 
th(^ caialyst will also Ik^ a facdor in th(‘ |)ro(‘(‘ss. Tlu' soundn(‘Ss of this 
conclusion is borm; out by 1h<‘ fact that d-(iua.rtz will prcfcnaitially de- 
hydrati^ one of the cnanliomoiphs of 2-l)utanol.''’‘^ 

Oiu' of ihv most striking facts about catalytic hydro^cMiat ion is the 
s(‘l(‘('ti\uty that is shown by tla^ (‘a.(al\'st and the hydro^xai ac(*('f)tor. 
Nickc'l is more* activ(‘ toward (*a.rlx)n-l.o-carbon doubl(‘ bonds than it 
is toward th(^ cai*bonyl ^i‘ou})in^’, wh(‘i*(‘as co])p(a- (‘hiomib^ is mon* 
actJv(‘ towaj'd ca.rbon-t-o-oxv<2:{‘n than toward caibon-to-(‘arbon dt)ubl(‘ 
bonds, llowcwaa*, both catalysts will (*aus(‘ the hy(h’o^;\*nation of both 
typ(‘S of unsat.uration so that tlu*. ditha’cMKa' bedwaam tlu^ catalysis is 
quant it.aliv(‘ ratlua- than (jualitati\'(‘. For (‘\am])l(‘, th(‘ r\\\^ in ethyl 
])henyli)ro])iojiat(' is hydro^(Miat(‘d oxaa* nickc^l at 200^' to (dhyl (3- 
cycloh('xyl])ro])ional(\ (.)v(‘r copp(‘r chromit(‘ at 230'' tlu' carlndhoxy 
pjrou]) of (dhyl /^:^-ph(‘nyli)ropionat(* is hydrop;cnat(al and 7-])h(‘nylpropyl 
al(‘ohol is ])ro(liiced. At t('m])(‘ratur(‘S abov(‘ 330'' ]>oth tyiH'S of hydro- 
genation occur over (‘itlu'r catalyst, but. a. third typ(' ()f naiction (‘nsu(‘s 
so that llu' ])rodn(d. of th(‘ hydi’oj^cmation is lar^(‘ty tht‘ hydro(‘arbon 
l)ropyl(*ycloh('xane : 

(3dl:,CIIo(dI.,(d)oCJI, - (>,lln(4b>rJlo(d)oCtdr5 

2(U)'(’ 

2:#i) ■( ’ 

CcllC I ’ H,( '( 1 1, > Cnl I . iC'l I ,( ' Is 

This r(‘lativ(' inactivity of oxidi* catalysts tenvard alkiau' linka<;es is so 
mark(‘d in zinc cln-omite that th(‘ ('st(‘rs of th(‘ unsatui*at(‘d acids such as 
ok'ic acid may ix' hydj‘o^'enat('d to unsaluratial alcohols at a t('m])(a'at in*(' 
of 230''. This is above' that at whi(di nicked wa)uld iiiduce ra])id hydro- 
g;(‘nation of the alkenie linkage in the' oleate. 

This s(‘le‘(divity in action, ii})on the' basis of the' hy])othf‘sis outlined 
above', is probably depe'nde'iit upon ])re‘fere‘ntial combination wdth the' 
catalyst. "That is, riie'ked lemds to attach the' hydre)<2:e'Ti acceptor to itse'lf 
at alke'iK' or be'nze'iioid linkages, w^hen'as coppe'r chromite* show's a gre*at('r 
affinity for (‘.arbonyl grou])s as compareal to carbon-tencarbon double* 
bonds. The* higluT the te'mperature', the k'ss se'lea'live* the catalyst and 

S(diwab and Rudolpli, XatanrissctischafUtt, 20, (lOdJ). 



CATALYTIC HYDROGENATION AND IIYDROGIONOLYSIS 795 


the greater the probability that the hydrogeuafion will go to th(' ultimate 
stages of the saturated hydro(!arbons. 

In considering the role of th(' catalyst, one should Tiot ignore tlu' 
variations which are possible in the structun' of a gi\'('n reactant. A 
catalyst such as coppc'r chroinitx' which is ralluT inactive toward the 
benzenoid nucleus may bring about such a hydrogenation through a 
tautomeric form of the hydrog('n acceptor. The ethyl etlu'r of d-naph- 
thol does not naict, with hydrogen ov(‘r copper chromite at 200". How- 
ever, /3-naphthol is readily eon\-ertcd to l,2,:h4-t('1rahydro-2-naphthol at. 
200° over co])p('r chromite.-’' ih-e.sumably this is because /3-na])hlh(d 
may tautomerize to an un.saturated ketone, a. tyj)e of com]>ound which 
is raj)idly hydrogenat(>d over this catalyst: 



Thovi ' is little* (lifT(‘i*('n(*(* in j’atc* of l»y(lr()^‘f*nntion nicki'l Ix'twcM'n 
ilu^ na])hthol and its e'tlici's, since* nicke*! is as (‘ff(‘('t i\(‘ tow aid the* l)(‘n~ 
z(‘noid nuckais of the* naplitliol or its (*ih(‘r as it is toward the* unsal iirate^d 
ke'toiH* ol 1h(* tante)in(*r. lfow'(‘ver, o\'e'r ni<*ke‘l the‘ he'iizeiate* e)f /.:/-na])h- 
tliol l)(‘hiive‘s very diffe're'nt ly frean /3-na.|>hthe)k W lids has shown that 
the* hyelrogi'nalion of the* l)(*nzoat(‘ eive'i* nie*ke‘l giv(*s inainl}^ 


w hile* Mnsse'r olitahu'el 



from /^-naphlhol. 

In g(‘n(‘rak catalysis S(*rvc only te) d('cr(*as(* the* time r(*quii*e‘d foj* tlie 
sysi(*m to i\ae‘h e*([uili))]‘iuni, Init instance's are* knowai wlu're* the* ceine'cn- 
iratieais eif re*ae*tants attaine*d from a catalyst a-ix* ne>t the* same* as theise* 
that W’oulel lie aniici])ate*el if the* reile of the catalyst we're* ig]ie)re'e_l. t'or* 
('xample*, TJe'iel re‘{)orte‘el that he* lia.d obtaine'el e*thyl ae*e*tate* in yie'Iels 
above 80 per ce*nt by jiassing e‘epiiniole*e*nlar amounts of acetii*. acid and 

iVIussor and Adkins, J. Am. Chrtn. Sor., 60, eWM eiOdS). 

Alfjed W'llds, iiiijiidilislicd work at Univei'sily of W isi*oubin. 

Tidwell and Kcid, J. Am. (Aiem. Soc., 53, 41^515 (1931). 
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alcohol ov('r silica Those rosulls worci cri(i(*iz('d be(‘aiiso it was 

l)ointo(l out that tli(‘ niaxiniuni conc(‘iilralion of (Thyl acetate could bo 
no luon', than 67 p(‘.r c(‘nt in a systom starting with a mole (\‘udi of alcohol 
and acid. Ib'id’s r(‘sulls have b(‘(‘n fully coiilirniod, and the reason for 
the a))jKiront (*xco])1ion to 1h(‘ jnediciion based on rc'sults in a homo- 
geneous systcan is (‘asily scnai if the procc'ss of est(a*ifi(aition ov(t a solid 
catalyst is similar t-o that outlined above*, for hydrop;(*i]ation. Alcohol 
and ac('tic acid passing over silica, ^ 2 ;(‘l would (‘ach lx* adsorbed, reaction 
W’ould occur bcit-wa'cai mol(M*ul(‘s of alcohol and acetic acid adsorlx'd on 
adjaceait, active j)oints on the* catalyst, and tlu'ii the (‘thyl a,c(‘ta,t(' and 
wati'i* so ])r()duc(‘d would lx* d(‘sorlx‘d. H ah'ohol and ac(*tic acid vveae 
irrevea-sibly adsorlxxl and water and (‘thyl a(‘(‘tat(‘ w(‘rt‘ ra|.)idly d(‘SoiT)(‘xl, 
th(‘n th(‘ yi(‘ld of ('st(‘r would b(‘ 100 jxa* (*i‘nt . No su(‘h (‘atalyst is known 
or ]ik(‘l 3 ^ to be found, but it will lx‘ ob\'ious that tlu* yic'ld ot‘ ester is 
(hdtaaniiKxl not b}^ th(‘ th(‘nn(Klyriamics of tlx* al(‘ohol-a,cid-W'at(‘r-(\st(‘r 
systean, but simply by the i’(‘lati\(‘ adsorption ])y iliv catalyst, of the* 
]'(‘actants as contra, st(‘d to th(‘ ])i'(xlucts. An (Tf(‘ctiv(‘ catalx’st, for tlx* 
h^'drolysis of an estea* would lx* oiu* which irr(‘versibh" adsorlx'd (.*st(a- 
and water and rapidly d(‘so]*b(‘d alc'ohol and a(*id. Ovvr xairious cata- 
l,ysts on(‘. might obtain 3 d(‘lds of (‘st(a* varying from 0 to 100 ])er cent, 
dejxaiding upon the chara,(‘t(aastics of tlx* catalyst involv(‘d. 

Th(' last st(']) to b(' jxaTornK'd b,v a g(xxl (‘atalyst is to give iij) tlx* 
product, at, the j’ight- tinu' or stage*. Sonx‘tinx‘s it is ]X)ssibl(‘ to modih" 
a catalyst so that it will d(*s()rb a. pj‘(xJuct at a.n int(‘rnx‘diat(*. stage* of tlx* 
re*ae*tie)n. For example, methane)! is oxidize-el b\" air to give ultimate'ly 
carbon die)xiele and water: 

(Tl^Oll IlCTIO — > IKHMl — > (^O, + 

Ove*r iron e:)xide at 870° the reaction runs to comide'tion, l.)ut if mol.yb- 
de*num e)xiele* is incoi’])oi‘ate*d with the^ ire)n oxiele*, the*, first, pre)duct of 
oxielatie)!!, fornialde'hyde*, is ele*sorbe'el. The* ir()n-nie)lybde‘num oxide* 
catalyst thus mak(‘S pe)ssible a i)roe*e‘ss by which methanol is oxidize*el 
almost quantitative*!^^ te) formaldehyde.^^ 

Tlxi failure e)f a hydre)ge*natie)n catal^'st to desorb a product suffi- 
ciently^ rai)idly may result in ]j(>isexiing — i.e., ce)V(*ring ejf the catalyst 
by tlx* pi*odue‘t,— or int,e*ra,ction b(*twe*e*n me)]e*e*,ule‘s e)f the* desired pj*odiie*t 
still aels()rbe*d e)n the* catalyst. The*,r(* is also dange*r that, if the d(*sired 
l)re)duct is not epiickl^v dese)r])e*d, it, may re*act fuiilx'r with h 3 xlre)gen as 
illustrated above in the Inalrogenation of an ester to a hydrocarbon at 
330°. 

M chars and Adkins, U. S. pal-., I,91lh404'5 (June, 193;p ; Adkins and Petoson 
/. Arn. ('hem. Sue., 63, 1512 (1931). 
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There is a balance or competition between the aclsor])ti()ii of ea(‘h of 
the conii>oiinds present, c.g., hydrojz:en, h^^dropjen acce])lor, solviMit, and 
])roducts. OfU'u a liigh pressure of hydrogcai will luininiize tlie jMasoning 
efle(*t of llu' produ(*ts as w(‘ll as tlu^ir tendeu(*y to intei‘a(*t while on the 
surface' of the catalyst, since it will incr(*ase the proportion of th(‘ sur- 
fa(H^ cov(‘red by hydrogen, which thus replaces othca* adsorbates. In a 
similar way high prc'ssures of hydrogxai minimize or (‘liininatc' the (Thn't 
of small amounts of “i)oisons^' ])r(*s(‘nt in tlu^ reaction mixtiuv. It- is 
prot)ably for this rc'asou that less cai(' need be taken in Ilu‘ ])uiifi(*atiou 
of compounds for hydi-ogxaiation at pn'ssures of 100 to oOO atniosi)heres 
than with })latinum or palladium at 1 to atmos])h(a'i\s. 

The solv('nt or reaction UKHlium as w(‘ll as tlu^ hydi'ogxai, hydrogcai 
a-C(‘ei)toj*, and produ(*t are no doul>i- adsorbed by the catalyst and so may 
play a roll' in di'tei-mining the extent or course' of th(‘> ri'a-i tions. Solveiits 
may be beneficial only liei'ause they facilitate' the disjx'rsion of tlie 
catalyst and the contact of the thri'e esvsi'utial mat ('rials, hydrogen, 
catalyst, and oj-ganic compound. JTowi'Vi'r, in souk'- (‘ases, a moi'e 
spix'ific rok' is ])lay(‘d by the solvent. For ('xam])k', in the ])r('S('nce of 
('thanol only two of tlu' three' iihe'uyl groups in triphe'uylme'tliaiu' ai'C 
hydroge'iiate'd, whereas in the' ])re'se‘nce of me'thyle'yclohe'xani' tlie' liydi'o- 
ge'nation gex's to coinple'tion.'''*' In the hydroge'ualion of amide's and 
lignin, dioxani' ajipe'ars to be particulaily lienehenal in facilitating reac- 
tion. 


REDUCTION OF VARIOUS FUNCTIONAL GROUPS 
Alkenes 

Till' catalytic addition eT hydroge'ii is the' most ge'neral re'action of 
the' c-aibon to caibon double' bond. Many comfioiinds containing the 
linkage ^vill not show addition ivactions with any other re- 

age'iit l)ut will add hydrejge'ii unek'i* the' inllue'nce'. of nie*ke‘l. It se't'ms safe 
to say that over 99 pe'i* ci'iit of all the known (*omj)ounds containing the 
alkeiK' linkage' will add hydroge'u at te'iniH'rature's from 0'^ to 275*^. The 
ok'finic linkage' is one of tlie grou])s most e'asily ivduce'd. Any of the 
(‘onimoii catalysts may Ik' use'd. The rate' of liydroge 'nation and the', 
se'verity of conditions re'quire'd vary with substitution at the alkc'ne 
carbons. The simple alke'iu's suedi as (dhyleme^ and the amyk'iie's reae't 
with hydroge'U at- room te*m])erature and at ])re‘,ssure's of hydroge'ii lU'ar 
one atmosphere' in the' lU’C'sence of a catalyst. ]^]v(ai a trisubstituted 
ethylene ((' 0115 ) 2 ^ —(-dlCoHs may be re'adily hydrogenated over 

Adkiiis, Zurtiiiau, and Cramer, ihUL, 63 , 1425 (19311. 
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IHiTK'y ni(*k(‘l iii 25^ * uridor a [)mssur(' of one hundred atmosi)her(^s 
of hydrogen. lIowev(‘]-, a (•oin])l(‘iely substituted ethylene such as in 



wh('r(^ the doul)le bond is (‘oninioi^ to two I'ings may Ix' very resistant 1o 
hydrogcaiation. A (emperatun^ of 250° was re(iuir(‘d for th(‘ complete 
liydrogcaiat ion of th(‘ dod(H*ahydro])lienaiitlirene whos(‘ formula is 
given abov(‘. A higli-moIecular~\v(‘ighl imsalurati‘d compound, such as 
]*ubb(‘r, r(Hjuir(‘d a temp(‘ratur(‘ as high as 275° to insui*e (*om])Iete sat- 
uration. lhisatur-[d( (I compounds ha\'ing a conjugated system ar(^ 
iik(‘1y to r('(|uir(‘ move di*a.stic conditions for hydrogcaiation than com- 
pounds of similar compl(‘xity but with isolatcnl doubh' bonds. The vari- 
ation ])('!. w(‘('n cyc]oh(‘X(‘n(' (25°), furan (75°), ])enz('ne (125°), ])yridiii(‘ 
(175°), and ])yrrol(‘ (225°) with j‘<‘S])(H‘t to (‘ase of hydrog('nation ovea* 
nick(‘l is iiidicat(‘d by th(' tigur(\s given in parentht\s(\s. Th(‘S(‘ arc' ni(‘n' 
apiH’oximations, tlu' (‘xact ligunss di'jK'^'iding ujk)!! IIk' actixity of th(‘ 
catalyst, and tlu' i)urity of tlu' hydrogcai a.c(‘(‘i)toi's. ]l()wc‘\(‘r, conjuga- 

tion d()('s not iu‘cessarily nMard hydrog(*nali\)n, for compounds of th(‘ 
type' Kt 'II = r(C()i>C 2 lIr )^2 rapidly hydrogeaiated ovea* llaiKy nicket 
at room t,em])eratur(‘.’’^' 

T(an])(antur('; j)r(‘ssure of hydrogen; purity of compound; and 
amount, activity, and dispersion of catalyst an* intea’dc'peaHhait varial)]es 
so that it is impossible' to assign any d(‘linite conditions of teanpeanture' 
and ])i-(‘ssur(‘ of hydrogcai under which a give'ii tyjx' of structures will b(‘ 
hydrogen at (‘d. Tliough nickel may often bes useaj at pre'ssun's of a fe'W 
atmospheres, in ge'iiea’al pressure's e)f the' e)rele'r e)f UK) to 200 atmosplu'n's 
are more satisfactory. Uneh'r these' conditie)ns most- isolate'd alke'iK' 
linkage's and furans will be* hyelre)g(‘nat(‘d below' 150°. 

Because of the* mildne'ss e)f the' e*onditions ne'e'C's.-sary fe)r the hyelre)- 

TTydi ()^(‘ri:i1 Kill hits Ihth in many r*as(‘s uikIcm (‘ven niil(l('r condil if)ns. 

J ho discussion in Hus scvtion is not liasod upon llic niinunum conditions uikUt winch the 
r('acti(in of hydio^im lias beam oliscrvod, but rathea* upon tin* conditiejiis under which the 
reaction may be earned out on a i^reparational scale t-o |^i\<^ hi^h yic'Ids of the saturated 
conii)ound. 

Z art man and Adkins, //;/>/,, 54, KihS niKi2). 

Durland and Adkins, ihuL, 60, 1501 (UrCS), 

^ Wojcik and Adkins, ilnd., 56, 2424 (IhIM). 
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grnatioii it is oft on foasibki to liydrogonat(' tlio l)r('f('rciitially. 

For oxamplo, it is })ossible to reduco slyrono to ('thyllK'iizone.*’-^ At 175® 
and 100 atmos])li('ios ])rossuro comi)loto reduction to c'lhyl (‘y(‘loli('xane 
ma}^ be effe(*ted in the i)]esonco of Raney nickel or nickel on kiesel- 
giihr/'’^ 

Cj-I,Cn=CIl2 Cell.CHoCIla CclIiiCTIAMIa 

Unsaturated estei’s/® acids, and amides and derivative's of furan, ])en- 
ziaie, pyrrole', and i)yridine can usually b(' hydrogeiuib'd j)r(‘fen‘nlially 
at tlu‘ ^C===C\ linkage'. Unsaturate'el ketenie's su(‘h as nu'sityl e)xid(', 
(('H3)2C=(dIC()CII:i, or be'ptylide'ne aeeioaee'tie* e'siea*, (TL/HlC 
(=C7lli4)C'Oj( bllr,, e‘an be hydrogenati'el e>V('r ni(‘k(‘l to ise)])uiyl 
methyl ketone anel lu'ptyl ace'toae'e'tic este'r, ]*es])('cti\a‘ly, but in otbe'r 
case's tb(^ ke'toiK' gremp is liy(]re)ge'nate'd unelea- the sanve (‘eaulilions and 
at tlie same tinier as tlu' alkeiu' linkage'. 

Ce)])]X'r e‘lire)niite' also esatalyze's the' re'due‘tie)n e)f alkeaie's aT 150- 175®. 
If se)me' otbe'r group in the inole'cule is also te) 1)(‘ n'eiuce'el whieL re‘ejuire's 
(‘oi)pe'r e‘hi’omit(' as the' e'atalyst, it is pe)ssible' le) effe'e*! both j'f'elue'tiems 
in e)ne‘ e)])e‘ratie)n. Yov e'xainple', e'tbyl cinnamate' may be coin t'rleel to 
.‘l-pbe'nyl- l“j.)re)[)ane)l.^‘‘ 

3 in 

(Vji,rn-=(TKT),c.‘n;. ^ > r6iUCiL(Mi,ciT,()ii + (^>Tl:>oIr 

e;u( ’i 2 C >4 

One' e)f the' nu)re' important structural limitaiions upon tlu' use' e)f 
catalytie^ byelre)ge'nation (»f eele'finie* linkage's is the' jvadine'ss Avith which 
the' fe)llenving ty])e' of re'ae'lion e>ce*urs: 


! ; I \u ! ! ! 

- ('--on -“ > —('=-(--011 + H,o 

1 i 

I 1 

If the' elenible ))e)nd is re'sistant te) bydre)ge'nation as in a be'nze'iioiel, 
pyrielinoiel, e)r ])yrre)le)iel nucleus tlu'u it serve's te) labilize' the' e*arbe)n te) 
oxyge'u linka,‘i,e with the' re'sultant bvelre)ge'ne)lysis inelie*ate'd abe)A'e'. 

Pi'ae*tie*ally e'very ole'fin which is kne)wn has be'e'n reduce'd te) the e*orrc- 
si)oneling satuiate'd e*ejm])e)und. ()nly a f('W typie*al e'xamj)le's are liste'd 
in Table I. 

Keni, SbiiiuT, aiul Aclaias, UmL, 47, HIT eiaef*). 

'op(' and Hancock, ihul., 60, LM)44 (laejS); 61, 77e') (11)30). 

Folkcra and .Adkins, thi<L, 64, 114.A (1032). 
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TABLE 1* 

IlYnitociENATioN OK Alkp:nks to Alkanes 


Compound 

( 'atalyst 

Tom- 

per- 

: it lire, 

J’res- 

siiie, 

atm. 

Ami. 

of 

( 'om- 
poimd, 
moles 

Time, 

mill. 

Ref. 

'J'yi-f 1 

\int , 

Sol- 

\ cut. 

(C'HajA ^--(dlCIC 

V\Oi 

n.l 

KtOIl 

27) 


0.1 

0 

7)0 

(.VdTfClI-dl-i 

no. 

0.1 

I'tOlI 

27) 

.3 

0 1 

0 

50 

(CVJToAb ('ll-. 

I’lO: 

0.1 

i-aoii 

27) 

3 

0 1 

10 

50 

C'oIlftC'lI- ('lU'fillf, (Z/u/is). 

no.. 

0 1 

Kton 

25 

3 

01 

3S 

50 

C'fiIT:,('lI--('H('fiIlt. fbu/is). 

IMO 

0 1 

laoii 

2.‘j 

2 . 

0 i 

00 

50 

('JlhCai- ('TlCjIi, {iHu.o 

Ni (/:) 

2 0 

^’dln 

20 

3 

0.1 

SO 

7)0 

Cfji.stai" ('H('f,ii{, (//utis-i. 

\i(/.) 

L’O 

(• 711 ,, 

20 

30 

0 1 

35 

7)0 

( 'ftlT'/'ll — ( 'H( oil;, {(ran >'■<). 

M (A) 

2.0 

(\Ill. 

20 

00 

0.1 

15 

7)0 

(( VJl fj)2( ’ ( '{( ’rJl .0 

PtO.j 

0.2 

1:1011 

27) 

3 

0.02 

300 

..... 

((yi,),(’ - ('((\Ti,).. 

( 'u( b ,04 

1 0 

( ' 7 IJ 1 { 

17)0 

100 

0.04 

15 

50 

(11.- CH(('II..)h('OT1 

IdOo 

0 1 

LtOlI 

'Kt 

-> 

0 1 

1.5 

50 

(Ul 

A X 1 




1 

1 



i 


CICO<^ \lJoCH-(.lI, 

n(b 

0.1 

1 toll 

.. 1 

-.) 1 

! .. 1 

! i 

0.1 

3.0 

1 

59 

on 

1 

1 



i 




< 'll.,0(^~^( 'IU-( Jl -( '!1„ 

n(_), 

0.1 ^ 

idodi : 


j " 1 

0 1 

10 

7)0 

('(,Il£i(’IT “(IJC'klOH (hun.'-\ 

( 'n( 'i 1 

2 0 

(':11m I 

j 

i J 

1 175 : 

1 

100 

[ i 

I 1 

0.24 

20 

1 

t)2 


ill tliLs Inlilc and siibsi'OGcnl tabio m tins chaplni ai<‘ lalo ii Imni sjxaafK' cviu iniuaits 
by Tinny dillcj out in\ citi^alDis ►^mcc tlicri' ai<‘ st» iinny Minai)lc ta<tor,s no MLnnlnMin-o should h** 
aitarjicd to sinal] ddb innns 'rhc data an* iniindtd li> m'ino as a j.nijdr to illust lal » the ipamai 
discussn 111 

i In this and all subsc-iunil tabli s llic iiatun- nf llic calal^sl is indicati'd by the inllowirif.; ablut'M- 
atioiis 

Ptn.) ^ platinum o\'id(* calaKst, p 7sl 
PtlColb - nilloidal iilatinum catalyst, p Ts 1 
PdO - palladium oxide catalyst, p 7.St> 

Pd(HaS<b) - jialladiiirn supjioifcd on baimm sulfate, p 7>Sb. 

Pd(()) “ palladium suppoitcd on Noiite, p 7s*» 

Ni(K) - nickel jiiepaiisi lioiii Panev iin kcl-alummum alloy, p 7S.S 
Ni(/»') - iiK’kel sui)p(nted (Ui kieselj^uhr, p 7SS 
CaiCi^tb “ coppi'i cliioimU' catalyst, p 7S8 


The Cbs* forms of (‘thyleiiie, (‘omj)oinHls usiiully nioi’o i’ai)idly 
Uy(lrop;enated than tlu‘ iran.s isoiii(‘rs. For (‘xa.mi)l(‘, Paal has shown 
that the ns lorms o[ th(‘ following coinjioiinds an^ mort' rapidly reduet'd 
than the trems forms. 

Adkins and CVmnor, ?/uW., 53, 1091 (1031). 

T'nal and Scliiodcwitz, Bcr., 60, 121il (1027); 63, TOO (1030). 
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CIS 

MhUmc 

Oleic. 

Crotonic 

8tilh(‘ue 

r/.s’-o-Ethoxycinuamic 

Erucic 


tnins 

Euinaric 

ELiithc. 

IsfUToteiiic 
Ls( KstilluMie 

t m 7/ N-e- E t lu )x y ci n 1 1 am ic 
Orassiclic 


The calalylic reduction of tot rasul)stilritod olc'tiiis, sncli as dinu^thyl- 
fuTnari(‘ and diiuothylniah^ic acids, h'ads to th(' ])rodiicti()n of diast.or(‘o- 
isonuaic pioducts. A study of tin' hydr(),u;onation of llu' sodium salts of 
tlio a])ov('. acids has sliown that, lyy propc'r choi(‘o of oxpoiiinoiital condi- 
tions either r/,s or irons addition of Ipydrogen may tx' made' to occur/"^ 


Clfn- c - coon 




ll 

1 1 


ir 

coon 

CII:,-('- COOJI 

\ 

cn,i-c- c’ooii 

en.r c' -n 



i + 

1 

1 



(’ll:,- c coon 

CTI 3 --C -(’OOII 

Clla- ('- coon 


1 

1 

1 

1 

1 


If 


H 


1I()()(^- ( - (dl, 


Similar r('sults \v(‘re olitaiiu'd witli 2,d-(liphenyl-2~1)ut('ne. Catalytic 
liydrog('nalion in tlu' prc'M'iice of platinum black of diisobuttaiyl h'ads 
to -s/////“dii>()i)roi)yl('t hyh'iK'. 

((^ll,),(^^-4dl {Cdl,)>(df -(TI=(df -(Ml((Tl,)o 


L-sipi'cne upon tiH'atnuail with (^lu' inoh' of hydrogc'ii and i>latinum black 
j)i-odu(*e^a mixture'.''*’ ^ 






C 1 I 3 -cn- cn==cn-. 

(’H:, 

12 '-;. 

(•n,,==('' -cn-.-cjia 
cn,, 


cn,- -c==(.'Ji- cm 

Cl Is 

i.v;;. 

i 

cn.,- -cii-c'iiocnis 

('Ils 

30';;. 

j 

cn...=c— cn=-CH. 

30% 


Schratcr, and Bchr, R r., 61. 2V2\ (192S). 

1 ( iH-dt'v nmi Yaknhchik. ./. Chnn. Soc,, S23, 2190 (192S). 
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l,l)-*Bula(li('n(‘, ])i|)(']yl(‘ii(', and diisopropcaiyl also yield similar 
mixtui(‘s. 

Ok^fin’K* bonds wliicli aj-e conjn^atc^l with a k('t() or carboxyl group 
are r(Mluc(‘(l niorc' slowly than isolatcnl double bonds. 

Tlu' 7 ,(wloubl(‘ bond in sorbic* acid is more readily reduced Ilian tlu' 
o/i-coii jugal ('(1 bond. Allhougli a niixiure of h('X(*noi(^ acids is obtained, 
the a,j6-])r(‘d()nnnates.^'^^‘ 

cn.viu^rn cdB-c^iicodi (di3Cib>(Wdi=c^iTC()()ii 

llv 

The liydrogymation of unsalurated glyccaides procc^eds in an interc'st- 
ing st(‘p\\is(‘ nianncM*. l{(‘duction of glyceryl ti‘ilinol(\at(' with ni(*k('l on 
ki(\s(‘lguhr and hydrogcai l(‘ads lo lu^arly (*oinplet(' (*on\a‘rsion to glyccayl 
Irioh'ab' (c/s and / v///s forms) Ix'l’orc' th(' lattc'r an* further hydi'ogenatc'd. 
Tlu* ])r(>duction of tin*, coniplct(‘ly saturabal fat, glyccayl ti*ist(‘arate, doc^s 
not occur until the* final stag(\s of tlu' l^ydrogcaiation. Alor(H)A ('r, triokan 
disa])])(‘ars more* ia])i(lly tlaiii tlu* tri'^tearatc^ is ])roduc('d. ddu'sc* r(‘sults 
arc* in(('j‘pr('l(‘d as indicating (hat only oik* double^ bond of (Ik* triokan is 
r(*du(*('d during oik* contact with tlu* catalyst.^’"'' TIk* leduction s(*(iuencc 
is ])robably: 

Trioleate Dioleonioiiostciarates 

Alkynes 

Acetylenic coTnjiounds an* naidily reduccal to tin* saturat<*d alkaiK* 
d(*riva1iv(*s. This ncjiclion is of littk* synth(‘tic int(‘r(*sl but is us(*ful foi 
stru(*.tur(* proof. ]^y using small amounts of catalyst and hydrogc*!! al 
about- 1 atniosplu*r(‘ ])r(*ssuj'(‘, and by int(‘rrupt ing the* hydrogcaiation 
wiK'iJ OIK* mole of hy(lrog(*ii is a))sorl)(‘d, it is possible* to obtain 70 to 00 
per C(*iit- yields of the corn'sponding ethykaiic* (l(‘rivat ive*. 

h- -Jl hCdL=riIK h(db.(dl>lt 

IM IM 

Re(*(*nt work by ('amj)lK'll and ()’( 'onnor has shown that with 
]ialladium and Raney nicke*] the hydrog(*nation of a (lipk* bond jiroce'e'ds 
virtually to e*omp](‘tion be*lore the* ok‘finie* liidcage* b(*gins to be n‘due*e(i. 
Raul and Hilly and Tliompson and Wyatt have* obt aim'd sc'lectivc 
hydrogX'iiation ol certain alkyiK's lo alk(*n(*s ov(‘r an iron (*atalyst. 

loirinor ;itk1 thul., 0S7 (UKja); Anrt. (^h(‘m. Sue. ^ 30, 14.^ 

(1933). 

‘’7(a) Hilditoh and Jones, J. (Inm. Snc., 805 (193l>). (h) (^iunp\nA\ and O'C^mnor. 

J. Am. Chrm. Nor., 61, 1*807 (1039). (c) Unul and Uilly, Bull. ,sor. cfnm., [5] 6, lil-S (1939). 

(d) Thompson and Wyut, ./. Avi. ('him. St>r., 62, 255,5 (1940). 
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produM. the aWUiykZ"dm'valivriW^ 

PN..cn„e eolloida, 


H— fee— R 


R— C— JI 

II 

R— C— II 


Aldehydes 

™pi'"y rc.h.„.d t„ 

Reno -> ReiioOii 

onhT «f a f"rT„„s s,ll i„ 

ii. -J-able JI. ■■«J.aai„„s a,e.d,„,v„ 


table II 

RKDnrTioM OF A, to Al(t,„oi.s 




^ ’fiii/'iro 

(']]{) 

IK) 

< ’Hj(( ’l|o) e( no 

’KOIK’n.dlO 

^^luf'o.sc 




Ty))(‘ 

fMO- 

IMO 

iMdiiiSO^) 

( u( 'r .j( >4 

ViO, 

N](K) 

Ni(A ) 

Ni(A) 


Ain( 

0 

n i».s 

~ r» 

5 0 
0 

<; 0 
2 0 
L! 0 




Ale {Vo- 
Ale. 
llOAc 
<’ 711,4 
Air (Je i 
<‘ 7 lln 
<’ 711,4 
H .(_) 


Toin- 

jK'i’a- 

•Jf) 

25 

25 

I.SO 

25 

150 

125 

150 


Pros 
.suic, 
at 111. 


5 

1 

150 

1(10 

100 

100 


Moles 

of 

( V)in- 
poinuJ 

0 2 
0 2 
0 1 
0 7 
0 2 
2 5 
1.0 
0 1 


T'ime 

Him. 


20 

21 

57 

1 

:;o 

240 

(.0 

150 


Hof. 


00 

2S 

70 
(‘>2 
00 
02 

71 


I . v hT' " * "■-I'l.-ii,,,,. 

"'Hi |'I;itiniun a fricf. ff ' * ""■‘'i'' "I'atcd jilcohol 

. L c II) aiu, al.so a , uur of zuu- aeotato (o inhihif the roduc- 

Hn//. .s>or. rZ/t;//,, [.|] 45 i()f,7 noon^ - /• ,1 • 

'fiM 61, 1751 (1020). ' ( • - ), r/. Salkincl ami Tetcriu, J, Russ. 
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lion of ilio olefin linkage. In this way citral may be reduced to geraiiiol 
and cinnamaldehydc t o einnamyl alcohol.’'' 


CI!.i 


CH3 


rtdw 


CHs— C=CH— C’li,— (’II,- ('=t’ii-rii() 

CH., CTI., 

i 1 

(’ 1 1 .,{ '==( ’1 1 — C 1 1 2— c 1 1, - - C=CII— CH2(4II 


C«TT;,(’TI=Cn— (’IK) 


C 6 TI:,(’ll=(’n— CIlaOTI 

IV* 'Zn ' ' 


Tho sol(‘clivr n'duclion of ihv linka^o in mi unsatiiratod 

ald('liyd(M*anno( lx* ax'coniplisliod dir(‘(‘tly. Hucli inisaturated aldohydf's 
c*mi, h()\vov(‘r, lx* convca'hxl to tli(‘ saluratixl ald(diyd(‘S by first making 
Iho a(‘(‘tal, r(‘diicin^ ilu^ unsaturated acetal, and tlien hydrolyzing the 
saturated acxMal. 

CaTi(>TI 

KCH=cnciio - > hcii=ciirii(()C]bd2 

112 ' T‘t 

KCTToC^IIoCdlO -I- 2(dIa()II lHdh>('Ih,(dIf()(dl3)2 

ddiis lias j)i*oved to lx‘ the lx‘st nudlxxl foi* eomerting lui'lural inlo 
tetrahydrofurfural.'- 

If llu' ald(‘hyd(‘ grou]) is attaelu'd to an aronialii* nuekms, eai*(‘ niii^t. 
Ix' takf'ii that only on(‘ niol(‘ of hydrogen ]X‘r inoh^ of aldt‘hyd(‘ is ab- 
sorlxxl. If this ])r('eaution is not tak(*n th(‘ alcohol first prixhux'd may 
be r(‘duc('d to a hydrocarbon. For exarn])h‘, with ])alladiuni and hydro- 
gc'ii at 4 at inos])h('r(‘s, Ixaizaldehydc' and sali<*ylald(‘hyd(‘ may Ix' rexhux'd 
to fohuaie and e-cresol I’csjx'ctively ('ven at 25°. The reduction of th(‘ 


C’6ll,(-'110 -’S (’f,II,CH2()II -'S (’df/’lls 

Cri l*fl 



H2 

> 

IM 



ir. 

> 

IM 



3 


alcohol group to the nudhyl grou]) is rathm* slow so that by stoiiping the 
reduction wlum oiu* mole of hydrog(‘n has Ix'eii alisorlxxl th(‘. alcohoF' 
may be isolated in good yields. 

Arliirns iind Garvi^y, ihid., 48, 477 (19LT0. 

Tul('y and Adams, ih/d,, 47, HOfil (19U5). 
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The catalytic reduction of furfural over plaiinuin oxid(' l(\ads first to 
the formation of furfuryl alcolioL'^*'’ Furthei* rediudion produces a mix- 
ture of tetrahydrofurfuryl alcohol, peiitanediol-1,2, ])entaJiediol-l,5, and 
r?-amyl alcohol. Reduction of alkyl furyl carlnnols likewise j)rodin*(‘S 
a corresponding series of rediK^tion pioducts. 




Furfural is rapidly and almost quant i(-ativ(‘ly liydrogenaUil to fur- 
furyl ahohol over copper chromiti^ at 135- ItiO^ luidd* 50 to 150 atrnos- 
plier(‘s of hydrogdi. Whdi nick(‘l was us(h 1 as a (iitalyst. th(‘ furfuryl 
alcohol was contaminated with tetrahydiofurfuryl alcohol. 


Ketones 

The carbonyl giouj) of k(‘ton(‘s is rc'diiced more slow^ly at room lem- 
])d*atur(' ovd* ]>latinum and i)alladiuni catalysts than in the case of ald(‘- 
liydc's. With nickc'l a tdiipcTature of 100^ to 150° is usually ned'ssary 
aliliough Raiu'V nick<‘l imhuvd th(‘ hydrogenation of aci'toiu' and ac(‘to- 
a('('tic (‘st(‘r at. room tdiiperatunx A lempd'ature of 100° to 175° 
uiidd’ 50 to 150 almosphd'es of hydrogdi is usually advisable' if copi)er 
(*liroinit(' is to be us('d. 

If th(^ carbonyl group is attached to a bdizeiK' niicldis the same care 
must be t.akdi as with the ald(*hydes to preve'ut the' first-formed second- 
ary al(*ohol grouj) lu'ing conv(Tt(‘d to a methyldie group. If the (iirbonyl 
is att.a.ch(*d to a j)yrrole nucleus it has ])rov(‘d im]M)ssil)le to stop the 
hydrogenation of the' e*arbe)nyl at the e*arbine>l stage. 

"Idle* catalytie* hyelre)g('natiem of kedeau's is a j)re)ce\ss in whiedi siele 
H'actions an* se'ldom ('ueimuteTeel and the yie'lds e)f se'cemelary alcediols 
oblaiiK'el an' we'll abe)ve' 90 ])e'r emt for sim]>le aliphatic ketemc's. Even 
with the^ aryl ke'tonc's >ie‘lels of the* orele*r of 70 te) SO pe'r cent are usually 
obtaiiK'el. Mxani])le\s are* givnn in Table 111. 

K;uifinanii iiiul Adams, ?/>/</., 46, ae)29 (19-3). 

Pior<’(‘ jind Adams, 47, je)9S (19-5). 

" ( ’oimor, ]''olk(‘rs, and Adkins, ihuL, 53, 1091 (1931), 

(overt and Adkins, d;n/., 64, 4110 (1932). 
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TABLE Iir 

Reduction of Keto (Ltoups to Secondary Alcohols 


Ketone 

('atalysL 

Solvent 

4'enipera- 

tuie. 

l’rc‘S- 

sure, 

atm. 

]M oles 

of 

Com- 

pound 

Time, 

min. 

Uof. 

Type 

Amt-, 

K. 

A re to no 

Ni(A) 


‘> 


125 

100 

1 

0 

13 

72 

A(*eto])}ienone 

NidO 


•1 


110 

100 

0 

4 

10 

79 

Bc'nzoplienoiio . . 

Ni(A) 


1 

1 (^iRcii 

KiO 

100 

0 

1 

00 

79 

d-i ^‘implior .... 

( \\.( 'r‘AU 


C) 


120 

150 

0 

5 

00 

SO 

Benzoin . 

Ni(A-) 


‘) 

( dUOll 

125 

100 

0 

2 

00 

02 

k'nifdose . 

Ni(A-) . 


2 

IloO 

150 

100 

0 

1 

150 

72 

Bthyl aeet Pl- 











acet ate 

Ni(A) ! 


2 

C,Hr.()U 

125 

100 

0 

4 

120 

SI 

EUiyl leviilinalc' 

Ni(A) 


4 


100 

100 

t) 

2 

SO 

72 


/ 3 -Kcto C‘st(‘rs should be hydrogenated in an al(*ohol solution as other- 
wise a eond(uisation i)roduct. is obtained. For example, aeet-oaec'tic 
(‘st(‘rs when hydi’ogc'uated without a solvcait gave moi'c than a 30 per vent 
yi(‘ld of C:il:,Cdl()ll(Tio(H)(X^H(C^Ha)Cdl2(H)2(Wr>, while in alcohol, 
th(‘ yi(‘ld of CH;{CH(.)IUdl2t'02C2ll5 was ahnost (juantitative.^^ 

Copper chromite^ and nick(‘l for most keioiu^s an' (Hjually satisfactory 
as (*atalysts. Nickel is usually a(*tiv(' at. a somewhat lower temperature, 
but copper chromite is mon^ selective in its action as ilhistrat(‘d in th(‘ 
hydrog('nation of furfiu-al. 

j^-Diketones of the tyj^e KC.OCH2C()CH;j may Ik' s(‘l(a‘tiv('ly hydro- 
gcaiated to k(do alcohols of the type RCOCIFClIOIKTLi by limitation 
of the amount of hydrogcai allowed to r(*act. A more' comi)l('t(' hydro- 
genation giv(\s glycols. Certain substituted / 5 -diketones such as 
(^oHrjCyOC'H (CIl2C(dl5)COC'H3 are cleaved hydrog(*n so that about 
oiK'-half of the dikc'tone is converted l)y h^^drogenolysis to benzaldehydc', 
l-phenylbutan()n('- 3 , and 1 , 3 -diphenylpropanone-i.^“ 

The olefinic linkage is nnluced mon' rajndly than the k('to grouping; 
hence unsaturat('d kedones, such as mesityl oxide, benzakuxdone, and 
b('.nzalac(^tophenone are reduced first to the saturated kedones and tluai 
to the alcohols. 

H? II 2 

rCII=CIICOR' RCllsCHoCOR' RCH2CH2CHOHR' 

Adkins ct a/., unpiddished work. 

Bowdon and Adkins, J, Arn. (hem. Soc., 56, 089 (1984). 

Adkins, C'onnor, and Cramer, ilnd., 52, 5192 (1930). 

*2 Sprague and Adkins, 56. 2009 (1934); Stutsman and Adkins, 61, 330i? 

(1939). 
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Catalytic rodiiction with platinum or palladium has bc'on shown to Ix^ 
an effective method for the synthesis of homolo^s of ('phedrine. The 
pure hydrochlorides of the amino ketoiu^s, dissolvcxi in alcohol, ai(' 
readily reduced to the amino alcohols with platinum oxide and hydro- 
gen at 3 atmospheres. 

ArCOCTIR ArCJI -(TIR 

1 — > I j 

NHR' OH NIIR' 

Although two diasti‘re()isom(M*ic forms of the pr()du(‘t. are p()ssi])le only 
one form was obtaiiuxl. Thus, wluai Ar is })h('nyl, and K and H' are 
methyl gr()U])s, catalytic reduction j)roduc(\s d/-(‘])he(irin(' and not, })seudo- 
(‘pluxlriiu'. 

ITartung has found that a ])a.lladium-Norite catalyst and liydrogyn 
nxluced o-oximino k('t<)n(\s to tlu* a“hydroxyo\im(‘s. Ilowevta*, in th(^ 
l)n'sence of thn'e etjuivalcaits of hydrochloric aci<l tlu' n-hydroxy amiiK'S 

Ar— (X) - C~-Clh u ArCTI -(^-CUs 

i! _ I !| 

N—OII OH y--OII 

i CilK'l) 

Ar-(TI— (dl- -(dia 

I I 

GII ^dL 

were ])roduc(xi. Wluai a-oximinoac('t()])h(*non(' is reductxl over pal- 
ladium or ni(*k('l,^'’ tlu^ amino ketoiH' is the first ])roduct; this under- 
goes s(‘If-condensation and d<.4iydrog(aiation to produce diphenyl j)yra- 
zine. 

C6ii6C0Cii=NC)n c'6ir.,c'<)cn2NiT2 - 

IM 

('Hi 

/ \ 

CeH.,— C N 

I! II 

N C— Cells 

\ / 

CII 2 

Hyde, Browning, and Adams, ibid., 50 , 22S7 (192S). 

Hartung, ibid., 50 , ^270 (192S) ; 53 , 224S (1931); llartnng and Munch, ibid., 51 
2292 (1929); Hartung, Munch, Doakert, and (hossley, ibid., 52 , 3317 (1930). 

Brown, Durand, and Marvel, dud., 58 , 1594 (193()). 


Cdl 
/ \ 

Cells— C N 

N C— Cells 

\ /- 

CIl 
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Halogen Compounds 

Busch and Stove liav(' shown that the halogc'n in many types of 
com])ounds may 1)(‘ f|uantita1iv(^Iy r(‘mo\'(‘d l)y treating an alcoholic 
potassium hydroxide solution of th(‘ substance ni room tcmiixu-ature with 
a ])alladiuin-(*al(‘ium carbonate catalyst and hydrogcai at 1 atinos])here. 
Th(^ method has bec'ii j)ro])os(al for the' (juantitativc' dc'termination of 
halog(ai in organic*- conijxjunds. Some* typical (‘xainples are shown ii 
Table IV. 

TABLE IV 

RErLACJlMCNT OF IlAnOCiUM XY IIVDIKXJKN 


i 

Catalyst 


Teni- 

Pres- 

Amt. 

of 

Tiinr, 

hr. 

C^oni])<)mid 

NaiiXi 

Amt.. 

K. 

Solvent 

])(T- 

atiire, 

(\ 

siii'e, 

atm. 

Com- 

])oinid, 

Ethylrnc' hrornide' . . . 

1M(( 

1 

\lc. KOII 

20 

1 

0.21 i 

1 

1.0 

ChloroaceSic acid . . . . 

Pd((da.C(L) 

1 

Ale. KOI] 

20 

1 

0.2S 

8.0 

lU*Ti/al chloride 

IM((aC '(■),) 

1 

Al<*. KOII 

20 

1 

0.28 

0.<S 

Tolaiu‘ l(‘(raclilorid(‘ . . 

!’(!(( aCO,) j 

I 

Ale. KOII 

20 

1 

0.10 

1.0 

BroiiU)l)(‘Ti/A*n<‘ . . . . 

l'(l(('il<'()n) j 

1 

Ale. KOTl 

i 

1 

0.2e) 

0.88 

2,4,G-Tribroni()|)hen()l 

r-KCaCO.O 

1 

Ale. KOH 

20 

1 

O.IS 

0.45 

'x/*-Broiiiol)('n/oic acid. 

lM(ra('0,i) 

1 

Ale. KOTl 

i 

20 

1 i 

0.2t) 

0.15 


With platinum oxide*- as a catalyst' and al(‘ohol as the solveiit, a 
t(‘m])eratur(' of 50-7(V, and hydrog(*n at B atmos])lu‘r(‘s, lirown, Diu'and, 
and ]\Iarv(*l have shown that aromatic halogc'n comj)ounds are dc'hal- 
ogcaiated and hydrogenatc'd to the saturated cyclo})arafiins in 70 to 95 
pc*-r cent yields. 

Rosenmimd has dc^velopcxl a useful method for the synthc'sis 

of ald(diyd(\s by rc'placing thc^ halogc*!! of an acyl chloride* by hydrogc*n in 
the ])r(\s(‘nce of i)alladium catalysts on barium sulfate or kiesc'lguhr. In 
order to prevc*jit reduction of the aldehyde, a ]X)ison, ^tsulfuriz(‘d quino- 
line’' or thicxiuinanthrene is addcxl. The rc‘du(*tions aix*- usually (*arri(*d 

rdCHuSO,) 

livoci + n. — — - > Rciio -b Jici 

(^umuinu* -{ S 

Rosorinuiiul and ZotzHchc, Bt r., 54 , 425 (1021). 

Rosoiimiind, Zot-zHcho, and FlutHch, Bcr., 54, 2SSS (1021). 

Rosoniniijjd, Z(4zsr}i(‘, and luaF-ilin, Brr., 55, 000 (1022). 

Roseiiiiiund, Znt/M-lic, and Woili*r, Brr.. 56, 1481 (1028). 
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out by passing hydrogen through a boiling toluene*, or xylene solution of 
the aeid chloride in which tljc; catalyst is suspeiidcid.^^^ Some typical 
exaniph^s are shown in Tabic V. 


TABLE V 

Aldehydks v\um Acid Ciidotudes 


Compound 

(’at aly.st 

Amt 

Sul In r- 
i/5(‘d 
Qnni- 

Solvent 

Hath 
T’emp , 

\moun! 

of 

( ’< >m- 
ixiinuJ, 

Timr, 

hi. 

Hef. 




olino, 


“( ’ 




Naiiu* 

Amt., 

uiir. 



It 



eYii.,(mo('oci 

P(l' HaSt >, ) 

2 0 

10 

'1 nlip H( 

1 ir> 

2 2 

4 0 

cso 

p-OjNC'JI i(’< »C1 

r<i (/.) 

(1 r> 

10 

\> ioii«' 

i:)0 

0 

2 .3 

h2 

/R-( ^e '< le ’I12 

Vd t/i) 

(1 2 

2 i 

\ \ IftiO 

! loO 

2 0 

4 0 

S7 

II, ((’()( ’Do . 

P(i (/. ) 
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i;.o 1 

20 

22 0 

S7 

( 'le '( K(’no)r,e'0( ’1 

IM (/.) 

0 2 

2 

\\ 1* lie 

1 i:)i} 

I 

t) 

S7 

(’!(’( XC’lloixCoCl 

IM t/l 

1 (» 

j 

\\irnr 

i:»o 

10 

1:. 

ss 

(’UD-.oc'HoC'oe'i . . 

iVDH.iSt 

1 0 7 

lo 

Xylom- 

1 't:i 

2 

2 f) 

so 

(>-(’!(’, .men (’iK'oe’i 

IMUCiSt ),) 

I 0 7 

2o 

\ylono 

1 2.3 

1 

! 2 

so 


Nitriles 

The hydrog(‘nation of ni1ril(*s in iHniii*al solution r(‘siilts in the* forma- 
tion of a mixture* of pi-iinary and s(‘(*ondar>' ainine^s. The re^duction 
a])parently procee^ds in a, ste‘j)\vis(‘ fashion through the aldimiue'. The 

i!(’\ KCii==Mr 

iildiiiiiiio reads wilii tlic primary aiiiine in the saiiK' fashion as an alde- 
hyd(', leading 1o tlas ReliilT's base 

Nlfo 

i 

i-(’II=NIl + HCThXJl, bC'Il— XlICn,R -■> HCn,\=-(’FIR+ NH3 

wliieli then nndergoc's furthc'r n'duelion to llie s('eondary amine. 

1{CI1.\=:('TIR + il„ (l{('II..)jNIl 

At iemjK'raltires abov(' alxait' 1()()° tlu' ])rimary amine may also lt)st' 
ammonia to produet; th(' sc'condary amine. 

2I{ClI>\lb.: (RCIl-daXlI + MI3 

^•'’’Org. Sun., 21, 84, 110 (1941). 

voii Briivni, BlossiiiK, mid Zo1m4, licr., 66, 198,8 (19'_‘8). 

Wiiimm and Adkins, Ain. (.'Inin. Sue., 64, 30(') (1!).12). 
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When platinum oxick^ is the catalyst the i)erc(intage of primary 
amine may bc' increased l)y^ using glacial acetic^ a(*id as tlu^ solvcait. With 
acetic anhydrid(' as the solvent, yields up to 88 p(‘r ami of the acetylated 
l)i-imary amine may be obtained.^- High yields of the primary amine 
may be obtained by using i)aIladium-Norite (‘at-alyst and adding one 
(‘(piivalc'nt of hydrochloric acid to the alcohol used as a solvent. 

If jn(*kel is the catal 3 "st, the above modifi(*-ations (\‘innot b(^ usc^d since 
acids attack tlu^ finely divided nick('I. In ordca* to increase the yield of 
])rimaiy amin(\s wlnai nickc^l is the catah^st it is dc^sirabk^ to cany out 
the nnluction as rai)idl 3 ^ as possible and to dissolve soiru^ anhydrous 
ammonia, in th('. solvent- in onka* to n^press the reaction of the aldimine 
with the aln^ad.y foriiKHl i)rima.iy amine. In gcnuTal, the h^^dro- 
genation of a nitiile over nickel should be carri(‘d out at K)0° to 150°. 
Th(^ \i(id of ])rimaiy amine should tlum be 70 to 90 ])er cent. Some 
tyj)ical reduction data on nitril(\^ ar(‘ given in Table VI. 

IWBLE VI 


RpamcTON of Nithilks 
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®C 
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\lis ale 
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3 
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21 

79 
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PtOu 
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3 
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7 
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92 
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Pt()2 

0 -I.-) 

XcoO 

2.'» 

3 

0 2 


r>7 


92 


Pt()*2 

0 :> ! 

\t*.j() 
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3 

0 2 

1 10 

94 


92 

i>-'l oluiiit I lit* 
PluMiyltit t*(()- 

BlO*. 

0 21 

\t'o( ) 

2") 

3 

0 2 

o 

SS * 


92 

nitrit* . 

JMOo 
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3 

0 2 

22 

(>3 


92 

Bfiizoiiitnlf. 

Pd (C) 


\lf -f 

2.1 

1 
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lUM 








Bt'nzonirnlt*. 

Pd(liaSO.i) 


n()\f 


1 



80 


90 

PlitMiylncct t)- 



IB)\f* 








iiiliilt* ... 

Pd(BaS(b) 


-f JJC’l 

2."> 

1 



73 


90 

\ alt'ronit nlo . 

Ni (iO 

20 


12.''> 

100 

*1 8 

0 r> i 

t>7 

10 

94 

Bonzoiiiti lit;. 

Ni (K) 

20 


ir>o 

100 

r> 3 

0 3 

7o 

19 

9 4 

o-'J'oI unit nit* . 

Ni ik) 

2 


12.'> 

100 

0 3r» 

2 

09 


97 


♦As N-substitutecl Jirykiniidc 


C^irothors iind Jones, ihkL, 47 , 3051 (1025). 
llartung, ihuL, 60 , 3370 (1028). 

Sehwoegler and Adkins, ihid., 61 , 3409 (1030). 

^^ITowk, U. S. pat., 2,1()(>,151 (July IS, 1030) [n. .4., 33, 8211 (1030)]. 
Rosenniund and Pfankurh, Rrr., 66, 2258 (1023). 

Adkins and Cramer, J. Am. ('hern. Soc., 62 , 4340 (1030). 
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Oximes 

With oximes, as with nitriles, sc'eoiulary amine formation may oeeiir 
to a large ('xtent wla^n hydrogc^nation is carried out in n(nit]*al solvents, 
llartung and his co-workers luivo recomnu'udiHl tla^ addition of 
thr(‘(' or nior(‘ eciuivak'nt.s of hydi*og(ai chloride^ to the al(*oliolic solution 
of th(‘ oxinu' and r(‘|)ort liigh yii'lds of th(' i)riinaiy amine 1)y hydrogena- 
lioii undcM* th(‘se conditions. (Jhicial ac(‘ti(* acid has also Ihm'ii ns(‘d as a 
soh'(‘nt. lIydi*og(‘nation of the oxinu‘ acetate may give' a- higher yu'ld 
of the ])rimary amine than hydrog(‘nat ion of thi^ fr(‘(‘ oxinux'*^^’* The 
i*(‘duction of o-oximino k('ton(\s has IxMa^ discusscxl iindca- ket()n(\s (]).S07). 

Th(' oximino gi'ou]> rc'acis with hydrogcai over nick(‘l uncha* mikka- 
conditions than otlua' functional groui)s willi tlu' possible (‘xc(‘j)tion of 
ccalain alkcau's and imini's.'^*^ li is not unusual for th(' reaction of an 
oxiuK' with liydrogiai oAaa* Hamy ni(‘kel to Ix'gin at, room t(anj)(a-alur(‘s. 
Si!H*e th('. r(‘action is (juite exotlua'ink*, th(‘ t(anp(a’atur(' of (h(‘ homl) and 
(•(Jiitcaits fr(‘(|U(adly ris('s to 10° or 50° without any (‘xtcaaial h(‘ating. It 
is ])rol)al)ly (k^sirahle in tlu* us(‘ of Haiay ni(*k(‘l with oxiuK'S to k('e]> the 
t(an])(a*atui’(‘ of th(‘ i^aiction mixture* Inflow S0°. O'his is (‘specially 
important witli (v-oximino k(‘t.oiu‘.s, from vhich r(‘sinous ])i'oducts are 
rorm(‘d at liiglu'r t(*ni])(‘ratures. 

With th(* sim])k* oxiin(‘s the* only sid(* r(‘a.(‘tion of imy cons(*cpu*nci* is 
th(* formation of M'condaiy amines as in th('- case of the* cyanide's, i.e*., 
through the' inte'i'action of ])rimary amine* and the* inte'rme'diale imine*. 

Tlic're' is a good dc'al of variation in tlu' ])ro])()rtion of ])rimarv aiul 
se'condaiy amine's foi*nu*d from diflVre*nt oxime's. In some* case's tlu^ 
yic'lel of primary amine* wa.s almost ejuantitative*, as from tin* oximes of 
))('nzo])h(‘none' and (‘amplior, while' in one* or two instane'c's tlu* yield of 
])rimary amine*, was as low as -10 to 42 ]>er ceait. It, is ])r()!)al)k* that with 
a h'w ('xce'ptions the yie'ld of ])i’imary amine* can be lield at l(*ast, as higli 
as 70 to cSO pe*i‘ ce'iit, with 20 tej 15 pe'r ce'ul of secondaiy amine*. 

A numl)er ()f oximino k(*tone*s and oximino c'stc'i's ai*e* re*adilv hydro- 
gc'uate'd, but ()])(*n-chain amim*s are* not- o])taiiu‘d ))ecause tlu* amino 
ke'tone* oi* amino e'steu* just forme*d re*a(‘1s with tlie formation of a pyra- 
zine* or jyi'i'olidone*.'^’ For ('xa-m]>le*, the* monoxime* of be*nzil gave a 
42 per (‘e*nt yie'ld of l(*tra-plu*nylpyrazine w h(*n hydrogenateui o\'er Raney 
nickel under 150 atniosi)lK*res of hydrogen at 70 to 90°. 

O XOll „ Ph— (’— Ph 

II II - I! I 

Ph— C— C— Ph Ph- -I’ C— Ph 

\]Si/' 

WinaiiH and Adkiim, ihid., 66, 2051 (10:53). 
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Aldimines and Ketimines 

Aromaiic al(l(‘liy(l(^s eoiideiiso with primary aminos to produce 
aldiminos or Schiff base's. Tlu'so may l)e hydrogonat-e^d at 25° and 8 
atmospheres im^ssiirci in the pr(',sen(*(' of j)latimim oxide to produce th(^ 
secondary amijK'S in good yield. Bue*k has de'seribed the synthesis of 

ArCHO + RNH 2 -> ArCTT=N— R + IToO 
ArCIl2— NHR 

a seu'ies e)f substituted di“(i 8 -phe'n 3 de'tJjyI)--amines and benzyl ^-phenyl- 
ethylamine's by this me'tliod. 

Sine‘-e ali])hatic aldehydes conde'nse with aryl amiims te) ])re)due*e 
])olyme'ric condensatieHi ])re)eluct.s it is usually ne)t. ])ossible to obtain the 
Schiff base's. lIe)W"e‘ve'r, by tre'ating an alce)he)lie* solution e)f a ])iima]y 
aryl amines and an aliphatic aldehyde with hydi'e)g('n and Raney nicke'l 
in tlie', ])re'sence of sodium aevtate it is pe)ssible^ te) e)btain 50-65 i)er e‘enit 
yields of alkyl aryl amines.^^^ 

Hydrazones, Semicarbazones, Ketazines, Hydrazo, and Azo Compounds 

Hydrazones and ke'tazine's have also be'e'ii hydroge'uated by means 
of platinum, ])allaelium, and nie*kel catalysts. The' re‘eluctie)n may ste)p 
with the fe)rmatie)n e)f the liydrazine e)r hyelraze) com])ound or may e*e)n- 
tinue' by eie'aving the nitre)gen te) nitre)ge‘n be)nel te) foi ni ])i‘ima]y amine's. 
Baile'y and his e'ej-vvorke'rs, who use'd Skit a/s colloidal 

])latinum e*atalyst, re'pe)rt that the reeluctie)n is gre'atly facilitate'd by the' 
])re'seme‘e' e)f a quantity of hydroeiiloric aeiel sutlicie'ut. te) form the' salt e)f 
the hydrazo com])emnei whieii is fe)rmed. Table*, VH e‘e)ntains some typi- 
cal (example's. 

The hydre)genation of seanicarbazone's io se'inicarbaziele's is success- 
fully accomplishe'd undea* the pre)i>e'r conditious. Bailey and his vo- 
wx)rke'rs liave* use'el a colloidal ]:)latinum e*atalyst pre'pared witJi gum 
arabic by Skit-a’s methoel. Hydroeiiloric aeid must be prese'iit fe)r sue*- 

Riipe mid Hodcl, Ilth. (him. Acta., 6 , <S78 (11)23). 

100 Buck, J. Am. (hem. Soc„ 53, 211)2 (l‘)31). 

101 JOincraon mid W' alters, i7uV/., 60, 2023 (ll)3S) ; Emerson and 61, 3115 

(1039). 

^02 Loclite, Bailey, aud Noyes, ibid., 43, 2597 (1921). 

^0^ Lochte, Noyes, and Bailey, ibid., 44, 2550 (1922). 

104 Neij^hbors, Foster, Cdark, Milh'r, and Bailey, ibid., 44, 1557 (1922). 

los Harkins and Lochte, ibid., 46, 450 (1924). 

100 Schulze and Lochte, ibid., 48, 1030 (1926). 

107 Both and Bailey, ibid., 45, 3001 (1923). 
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cesvsful reduction. Tnipak^ and Smirnoff/®^ who have used the Low* 
Willstiitter ])lalinuin l)la(*k catalyst, report successful reduclion in 
iK'utral al(‘ohol solutions but faster redu(*tion in jila-cial acetic^ a(*id. 
Exaini)l(‘s ^an; tabulat(‘d in Tables VlII. The 3uc4ds ol semicarbazid(‘s 
isolated ran^cKl from 7()-95 ])er c(mt. 

TABLE VITI 



Skmkmiih xzovls to S:-. 

MKWKIiAZineS 




C 'orn]>f)ini(l 
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*> 

107 
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.►.> ( 

( 11,011 
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i 
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3 

107 
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0 5 

3;p ; 
(’H;Oll 

-r H( ’l 

20 

( 

I 

oO 

2 7 

107 

Acotaldoliydi* . 

Pt 

i) 5 

JlOAc 

20 

1 

r> 

3 r> 

lOS 

Propionald<‘liyd<' . 

Pt 

1 0 

1 

1 

( ITsOir 

i 

IS 

1 
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12 
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AzobenzeiK‘ is ra])idly j’('duc(‘d by hydr()j;(ai and (‘olloidal i)alladiuin 
at room tem])erature and 1 atmos])her(* jm^ssurc*. If th(‘ I'laluction i> 
stop])ed after oik^ moh* of hydro^ca) has Inaai absorlxal hydrazolxaizcajf 
may be isolated. FurtlKa* r(‘du(*tion yi(‘lds anilirua'*’-^ 

CgTT 5N=XC6IT5 CfilLNlINllCeTT, 

A few other azo compounds have* been studied.'-^^^’ 

Taipale and SmiriiofT, Ber., 56, 1794 (l92o). 

Skita, Rcr., 45 , 3312 (1912;. 
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The iiitrogei) to uili-ogen Loud in azo)>(‘nz('ne, diazoaminolnMiziMU', 
the azo dyes, aiul plu'nylhydrazoiK's is eh'aved by hydr()g('n o\ (‘i* nickc^l 
(‘atalysts at 75-125''. The (Torres] )onding amin(‘s liave l)eeii isolated in 
good yi(‘lds.'^’ 

Nitro Compounds 

The nitro group und(M‘go('s eatalylie reduction with great ease* in the 
l)res(ai(*ci of thi‘ hydrogc'uation ca.tal3^sts. Tlie r(‘aciiou is highly (‘xo- 
tlu'rinic*, and caution iniust (‘XcaxTsixl in r(‘ducing nitro compounds to 
avoid exc('ssivel\^ Ihgh t(Mn])('ratur(‘s. Th(^ amounts tak(Mi for reduction 
should ])(' limit (‘d or tlu' rc'ducing l)om1) providcxl with an ad(‘(iuate cool- 
ing jack(T'. 

Nitro])enzene, 7/?-dinit i‘ol)enz(aH‘, p-nit.ro])h(Miol, »‘),5'“diuit robijdK'nyl, 
and nitro(*yinen(‘, for (‘xampl(‘, }iav(‘ IxMa) almost (]uantitati\’(T^^ ixalucixl 
to the (*oi*r(‘sp()nding amin(‘S ov(a- Haney nick('l at 75'^ to 125°. The 
hvdi*og(‘na{ion of nitro f*ompounds should l)(‘ carihxl out in an alco- 
hoTK* solution in order to maintain tlu^ homogcaa^it v of th(‘ solution (‘\'('n 
afti‘r all tlu' ox>'g(Mi of tlu^ nitro group has Ihxmi eonvertcnl to watca*. 

HaiK'v nickc'l may naict with a. nitro compound with tlu* formation of 
nick('l oxide* and azo and azoxy com]>ounds.‘^ Han(*v ni(‘k(‘l has Ix'cn 
us(*d und('r 2 to at nio.'>])h<'r(’s ])r(*sMir(' for tlu* r(*duction of nit I'olx'iizeaie 
arsonic a(‘ids to the (‘oru'sjxmding aminolx'iize^iu* arsonic aci<ls. 

Both aromatic and ali])hati(* nitro (‘omjxumds are snux)thlv ]'('du(‘ed 
to th(* pj'imarv amine. W hen aliphatic fiitro com]X)unds are* le'due'cd in 
aetue'ous oxali(* a(*iel witli hydrog<‘n and palladium on barium sulfate* tlu* 
hvdi’oxvlamiiH* oxalate*s ma\' lx* obtain(‘d in 70-98 ]x'r (*e‘nt vi(*kls.^^- 
Table IX f*ontains sonu* ('xamj>le*s of tlu* j-(*(iuction of niti’e) (*om]X)unds. 

Nitro com{)ouiuls ma^' lx* re*duct iv(‘ly alk\’lati*d with al(l('hvd(*s e,r 
k{*tr)n(*s in the* pi‘('S(*nce* of hydrogem ami a cataly.^t in ord(*r to i)r(xluce 
nitrone*s, substit ut (*(1 hydroxylamiiu*s, se*ce)nelary amiiu*s, aiul in a, few^ 
cas(*s t(*rtiary amine's. Heductie)n of a mixture* of nit rolx'nzc'iie and 
h(‘nzald(*hv(h* with ])latinuni and liyelre)g<*n yields the* nitrone* by r(*eluc- 
tion of the* nit rob(*nze*m' to ])h(*n.ylh\alroxylamine* and conde'usation with 
llu* b(*nzalde*hvd(*. 

C^gIL.NO, + 211, --> CfilloNIIOlI + IT/) 

(hjTl.NllOlf + (YHgCTIO -> CV,ir:>X=C"H(\lb + Il‘A) 

i 

() 

’‘‘’AdkiiiH, “Kciiciions uf llydiogoii, otc.,” p. 95, UniAorsity of Wist-oiisiii Press 
Madison (I9r>7). 

Slc\ iiison and Tlainilton, ./. Atn. Chrin. 57, l‘J9S (19;>r)). 

''“Schnndt. Ascherl, and Mayei, Jin., 58, 2450 (1925). 
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TABLE IX 

REinirTioN OF Nitro Comi’ounds 
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iHirther rc'duclioii of tlu' niiroiK* pi’ocluccvs tli(' suLsliluU'd liydi'oxyl- 

Cell,— x=cij(^6ii5 + TT2 --> ("clUX rii./^ciu 

i 1 

0 on 

Xlajor found that mludioii of /^-nilropluMiol in a(*(‘fone solution 
with hydrogen and j)hitinuiii j)rodiu*cd />-hydroxy-N-isoi)ropylanilin(‘. 
Bcnzald(‘hyd(' and y>-niti()])hc‘nol j»;av(* />-hydroxydilKaizylanilin(‘, and j)- 
nitroanilin(‘ and ac*(‘tono produced N,X-diiso})ropyl-p-))h(‘nyl(‘ncdianiiiH‘. 

Yields of 31 to 96 per cenit of N-alkyl arylainiiKis may lx* old.aiiH'd 
by dissolving the aromatic nitro compound in 95 per cc'nt (‘thanol (‘on- 
taining sodium acetate, adding the aliphatic or aromatic aldehyde and 

Adams, Cohen, and Rees, J. Am, (hem, Sor., 49 , 10h3 (1927). 

S(‘hmidt and Wilkondorf, Ber., 62 , .3S9 (1919). 

Vavon and Crajrinovie, rend., 187 , 420 (192S). 

Major, J. Am, Cheni, Boo., 63 , 1901, 2S0:i, 4?j7:i (1931). 
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Raiuy niek(‘l, and shaking the niixUiro with liydiogen at 3 to 4 atmos- 
pheres pressure.^ 

Aromatic Nuclei 

Platinum l)la(*k/“’ (‘olloidal ])lalinum and jdatinum oxide 
have bec'n used as catalysts foi* the r(Hluetion of l)(‘uz(‘ne and its deriva- 
tives. Adams and Marshall have found that glacial ae(‘lic acid is a 
l)ett(T solvent for n'duction of the aromatic nuckais than alcohol when 
])latiuum oxides is the (^atal 3 ^st. Chaierally tlu^ reductions rc^quired 
vS(W(Tal hours. Jh'ovvn, Diu^and, and Marvell ha-vc' found that addition 
of a small amount of hydj’ogcai chloi-ide to th(' alcoholic solution of tlu', 
hyd] 0 (‘ai-l)on piomoles th(‘ jcnluction. 

When jdatinum oxid(' is tlu*, catalyst aromatic amines are best 
r(‘du(‘('d in th(‘ form of th(‘ir hydrochloi-id(‘s.^-^ Also pyridin(‘ (kaivatives 
ar(‘ r(‘duc(‘d fastca* as tlu'ir hydrochlorides in absolute alcohol solution 
than as th(' fr(M‘ bas(‘s.^“' Heckel and Adams hav(‘ pr(‘]>ar(‘d the amino 
cvcloh(‘xanols l)y rcaluction of amino])h(aiols.^““ 

In Tabl(‘ X SOUK' exam))les of th(‘ reduction of aromatics (‘ompounds 
ai’(^ given. It will Ih‘ i)ot(‘d that, nuiny of thes(‘ r(‘quire considerable time 
for compk'tion. It has IxMai found that Paiuw nick(‘l and nick(‘l on 
kies(4guhr will (4‘f(*ct the rc'duction of aromatic, nuclei mu(‘h more i‘ai)idly. 

Nickel is tlu' most satisfactoiy catalyst for the hydrogenation of the 
bojizenoid nuckais.^^*' B(‘nz(‘n(‘, toliuau^, otfua* tilkyll)enz(‘n(‘Sy phenol, 
ci'esols, and otlua* alkyl|)h(‘nols, dihydric ])h<'nols, di- and triphenyl- 
iiK'thaiK’s, di-, t ri-, and tetraph(*nyk4ham\s, biphenyl, naphthalene, 
alkyhiaphthakaies, and many oth(T dcaivatives of benzcaie, naphtha- 
hne, aiithraceiH', ])h('nantln*(m(‘, etc., hav(‘ 1)e{'n (]uantit,atively saturatexi 
with hydrogc'ii at temp(‘ratur('s from 100^ to 200°. A hydrogiai jnvssure 
of 100 to 300 atmosi)luM’es is desirabk‘ but not always necessary. The 
exact banperaturc' and tinu' ri‘({uir(‘d vai'y with the structure and ])uiity 
of tlu^ conq^ound and th(‘ activity of tlu' catalyst. In most, instance's 
complete' hyeli’oge'nation e'an be' acexmiplishe'd within a few Imiirs at a 
maximum te'mpe'i’atuie' of 200°. 

The' arenna-tic nuck'us in such comj)ounds as aniline, diphenylamine, 

Kiiiorsoii Mild IMfilirTiiiin. thid., 62, (>9 (IIMO). 

Skila and Moyor, 45, a5S0 (lai'J) ; Skita and Schiieck, Her,, 55, 144 (11)22). 

Adains and Mai shall, J. Arii. (linn. Snc., 50, 11)70 (11)2S). 

'•M-liois and Adams, ihuL, 49, 1091) (1927); Hir., 59, l(i2 (1920). 

Hamilton and Adams, ./. Am. (hern. Soc., 50, 2200 (1928). 

llockol and Adams, dniL, 47, 1712 (1925). 

Diirland and Adkins, ibid., 59, 1^5 (1927); 60, 1501 (1938). 

iSignaigo and Adkins, ibid., 58, 709 (193e»). 

Adkins, “Koantions of IJydrogon, pp. 50-02, University of Wisconsin Press 

Madison (1937). 
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TABLE X 


RkDT C’TION OF AltOMATK’ NlW^LKI 



( ’atalysl 





Amomit 

of 
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peiatnre, 
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111. 
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Toliiono . . 
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0 

L? 

He)Ar 

L>r> 

a 

0 2 
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no 
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0 

*> 
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21 
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0 
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no 
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0 

- 
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0 1 
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1 10 
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eo 

a 

0 OS 

4S 

no 
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0 

li 

ne)Ae 
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a 

0 1 


no 

e \viiu*ne 

Pto. 

0 

1 

Vie. Tie M 

70 

. ) 

0 1 

2 .7 

S.7 

Biplieiiyl 

Diinettyhinilnu' 

IMO. 

i) 

1 

Ale. lie 1 

70 


0 1 

10 0 


hydiochlotide 


() 

\)\ 

Me. 

.70 

a 

0 1 
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T)i])h(Miyl;uiiin(‘ 
hydi oehloi id(‘ 

Pyi idiiH' bydj o- 

IMOo 

{) 
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Ab.s. Ab 

.70 

a 

0 1 

2 0 
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(‘hloi ide 

PtO, 

0 
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I i 
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0 1 

0 .7 

121 

'I’olucnu' 

Ni(P) 

1 id 



177 

100 

1 .1 

0 1 

5.7 

Mesityl(MH‘ 

NuA) 

• > 



1M)0 

100 

0 .7 

4 

.7.7 

1 )i])}u‘nylni('tli:iiie 

N 1 ( A ) 

'J 



1.70 

100 

0 1 

7 

55 

lb])li(‘nyl 

\i(A } 

li 


(bH,e)TI 

-00 

100 

0 17 

,7 

55 

PlieiiMid hr(Mi(‘ 

Nidi) 

1 5 


Odin 

1770 

I'OO 

0 2.7 

S 
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1.70 

100 

0 .7 

2» 

07 

Dil/henyl (‘tln'i 

Ni(A) 

li 



1.70 

100 

0 17 

4 

07 

I'lthyl bouz();i1(‘ 

NuA) 
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100 

100 

2 0 

1 

01 
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NUA) 
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17.7 

100 

1 0 

0 

07 

ebiinnhno 

Nu/d 
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- 

JOO 

100 

0 41 

1 

07 

1 -Plien.N’liW'ri r/h* 

( 'n( 'ijO., { 

1 

r> 


1 

I'll) 

1,70 

0 10 

2 7 

121 


tn])li(Miylaniiti(', (‘t,hyl l)onz()a1(*, (li(‘(liyl plillialal c, d’u'tliyl-l jl'-diplion- 
ato, (‘tliyl 7 -])li(‘iiyl])i()])i()iiat(% and o-|)li(*nyli)r()i)an()l-1 Iia\a‘ also l)(’(‘ii 
hydrog(Miat(‘d under similar conditions. Aromatic (‘Ihcrs may lik(‘vvisc 
be hydrogenated fairly satisfactorily, although in many ('as(‘s liydro- 
f>;enolysis occurs. This type of redaction is discuss(‘d in more' dc'tail latc'r 
in this (‘hapter. 

In g(m(‘ral, it is Tiot feasible to hydrogenate^ alcohols of lh(‘ Ix-nzyl 
type since these' ex)mj)e)unds i*e‘adily iinelea7?:e) hyelre)g;e‘nolysis ie) hydren 
car].)ons. 

CcdUCJI.OIl + 1I‘> -> (^6lI:>Cir3 + Hot) 

Spielman and Docken obse'rvexl that the' hydrop;e'ne)lysis of a diaryl 

spielman and Dnc^kc'ii, nnpnblished results. 
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pinacol took (“ourst'. With (■t)i)p('r chronutc at 200° as the 

(■alalyst, 7)-pi-oj)yll)(‘nzoiie was ])roducod by hydrogenobysis of 8,1-di- 
plieiiyl-3,4-hexa]K‘diul. 


C-Tlr, C.,\h 



III goiKTul, cojipor cliroinito is not active for tlie hydrofj;eiialion of 
siiiipli' aromatic rin<>;s. For that reason it is very valuable as a catalyst 
for th(“ partial hydroffi'iiatiou of naphthalene'/-'' ])henanthren('/-'‘' 
antluaeene, (ininolini'/’- iihenylpyrroles/-* indoles/'*“ and acridine'. 
Feir ('xample', tetralin anel eliliydreiphe'nanthre'iie' are' le'aelily obtaine'd 
liy the jiartial hyeireisenation eif naphthalene' and phenanthre'iie, re'spee'- 
tiAe-ly. 

'rh(' jiyridiiK' rin 5 >; may be hvdre)p:e'nateel ove'r nieke'l under the same 
ge'iu'ral eeinelitions as the* eie-rivative'S eif be'iize'ne'. Alany ele'rivative's of 
jiijie'i'idine' have lu'e'ii sei pre'pare'd from the- e'eirrc'spemeling ch'rivative's eif 
jiyrieline'.^-*' 

Tlie jiyrreik' iniele'us, iinle'ss it e-arrie's a e'ai’be'theixy group on the 
nitreige'n, is e'Xti’e'inely re'sistant to hyelroge'natiem.’-'' In ge'ue'ral, 
te'inpe'ratures eif 200” tei 200 ” ari' r('{|uire'el with a nieke'l catalyst. Pyr- 
role' itse If and the' alkyl iiyrreile's are' hydreige'iiate'el unde'r the'si' e'einditiems 
te) jiyrreilie line's in geieiel yie'lels. Ibiwe've'r, the' pyrrole's carrying a e'ar- 
be'theixy gi'eiup in the' 2-, )>-, 1-, eir r)-])e)sition are' like'ly to be' .so re'sistant 
tei hyelroge'natiem that the' e'arlx'theixy grenip is cemverte'd tei a nu'thyl 
group bi'feire' the' ring is hyelreige'iiate'el. Pyrreik's carrying a e'arbe'thoxy 
groii]) ein the' nilreige'ii are' metre' re'aelily hydreige'iiate'd than many ele'riva- 
tive's eif be'iize'iie'. l‘\ir e'xample', l/i-elii'arbe'theixyin’rreile has be'i'ii cein- 
A'e'i'te'el rapielly to the' e'eirre'.-'iioneling pyrreilieline at a temiierature eif 70° 
eivi'i' Pani'y nie'ke'l. ]S'-Alkylpyrreil('s anel their de'iivative's are' slemly 
re'ilue'e'el with hyeli’eige'ii anel jilatinum at roeim te'inpi'rature' provide'd that 
oxyge'n is e'xe'lude-el and the catalyst is re'elue'cd se'jiarate'ly.^''-'’ 

’“' Adkins nnd Kt'id, ,/. Ain. ('firm. Nor., 63, 711 (1941). 

BuiKFi and Mosctliji;, ihul., 57, 27‘M (19:ir>), 58, lsr>7 (19:19). 

Mui dc Kninp and Mosctli^, ihul., 57, 1107 (19:15). 

Adkiris and ('ooniadi, ifmL, 63, 159.4 (1941). 

Adkins, Knick, P'mvIow, and Wojcik, ifud., 56, 2125 (19:>4). 

’•■’“(n) Uaincy and Adkins, ihid., 61, 1104 (1939). (5) Sold and Shriner, ibid,, 55 :^2.S 
(19:k0. 
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HYDROGENOLYSIS 
Hydrogenolysis of Alcohols 

IleactioTis of tlio (yp<' ROH + II 2 — ^ RTI + IRC) tak(' place readily 
only if R, contains a plienyl, pyrryl, furyl, ])yridyl, liydi’oxy, carbonyl, or 
cai'balkox'y group. The reaction takt's place' ix'adily wlu'n an alcohol, for 

III 

example, has the strueiure — C=(' — C-OH \vh('re tlie doubles bond is 

I 

n'sistant to h^^drogcaiation as in IktizvI aleohol. This ah*.oliol is eon- 
V(Tled almost qiiantitali\^c‘ly to loliuaK^ over nickel at 100° to 125°. 
Similarly, mand(‘lic ester yi(‘lds phenylac(‘tic (^st(‘r when hydrog('na,t(Hl 
at 175° ov(T nickeh^^^ 


CcII^CTIOIKHl.CTT, + IT, 


(^ji,rii,rOoCoH, + iTo 


o-Benzojdbenzoic ester is convialed to odxaizyllx'nzoic* ester over 
copper (*hromite at 200°. Tlu' alcoholic*, hydroxyls in substitutcxl benzyl 
alcohols such as in 


(dl; 


lH)ni>r^^CH,()H 
Oil 


and di- and tri-aryl carbinols lire ]*eadily n^placed by h^^drogcais ovea' 
coj)i)er chromite.^'^'^ Acyl pyiTol(\s such as 

II ,-C()Clh n. rr — 

CuCi204^ 

H II 

are converted to alkyl pyrrol(*s^“^ ovea* eitluT coppe^r chromite*, or Raiu^y 
nickel. The furan ring has a similar though l(\ss mark(*d effect in labil- 
izing hydroxyl groui)s toward hydrogenolyMS, b(‘caus(*, the furan ring is 
more r(*adil\^ hydrogenated than a beaizene or ]:)yr]*ole i*ing, and theix'by 
the labilizing efft*.ct of the unsaturated linkages is lost.^’^"^ Metliylfuran 
has Ixien obtained from furfuryl ak’.ohol ovi'i* copper chromite at 200°. 
If th(^ aromatic nucleus is more distant from tin*, hydroxyl group as in 
phenylethyl alcohol the replacement of hydroxyl by hydrogen does 
not occur so readily as in the benzyl alcohols but nevertheless consti- 

Adkins, Wojcik, and Covert, ibid., 55, 1060 (lOS.'l). 

Burdick and Adkins, ibid., 56, dIkS (19d4). 
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lull's ail in^porlant side riiaclion when an aiti'iiipt is inailii to Iwdrogonali; 
till' nucleus. 

Copper chromite is in general more effeclive than nickel as a (catalyst 
for hydrogenoly.sis of comiiounds of the ty[)es discussi'd just above. This 
is true because it is le.ss active for the saturation of the unsaturated 
linkages upon which the labilization of the carbon-to-oxygen linkage 
depends. 

Hydroxyl groups have a labilizing influence upon carbon-to-oxygen 
linkages, .similar to that manifested by carbon-to-carbon doubli' bonds. 
This effect is jiarticularly evident in 1 ,!l-glycols. Trimethylene gtycol 
and l,3-cyclohexanedi()l are converted rajiidly at 200° over copper 
chromite to propyl ahiohol and cyclohexanol, resjiectively. Glycerol 
also lo.ses one hydroxyl grouj) and l,2-propan('diol is formed. 

CTIaGH Cl Is 

CIIOII + lb. -- CHOU + HoO 

1 1 

CH./)11 (TloOIl 

If a glycol contains a secondary and iirimary hydroxyl, eithi'r one may 
be eliminated with the forination of isomeric alcohols. However, it. 
would appi'ar that, the ])rimary hydroxyl is the more readily eliminated 
since 1,.3-butanediol gives almost twice as much 2-butanol as 1-butanol. 
Similarly, hyih-ogenation of the cyclic. l,3-gly(;ol lea,ds exclusively to the 
•secondary alcohol. 


CIIOII — CIIOII 

I i 

--(Clb,),-CIiCH,OII --(CILyr-CIICIIs 
where n has a value of 3 or 4. 

The 1,2- and 1,4-glycols are much more stable towai'd hydrogenolysis 
than thi^ 1,3-glycols. In opi'n-chain glycols the l,2-compoun(ls an- 
more stable than the l,4-gly(‘ols while with the cyclohexanediols tlu' 
1,4-glycol is the more stable. 

The. hydrogi'iiolysis of i^arbon-to-oxygen linkages in some of tlu' 
more highly substituted glycols has been noti'd in the later .section on the 
hydrogenoly.sis of carbon-to-carbon linkages (p. S25). 


Connor and Adkins, ihul.y 54 , 407S (193li). 
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Hydrogenolysis of Ethers 
ROR' + Ho -> RJI + R'OII 

Aryl alkyl ethers are in general quite' stable* toward hydiogc'iiolysis 
and ('ven ovi'r Haney nieki'l undergo hydrogenation ]*atli(‘r than hydro- 
genolysis. Dialkyl ('thers are (jiiite* stable* 1e)warel hydi'ogeii ove*r nie*ke*l 
at tnm])erat.ui-es bc'low abe)ut 250*^, at whie*h teinperature carbeni-to- 
cai’bon ck'aAaige^ may oe*e*ur. 

The benzyl (*Uie*rs are very readily ele*ave'd ove'r Jlane'V nie*ke‘l at 
te'mpeTat lire's eif 100° te) 150°, tejliu'iie* anel an ah*e)he)l e>r ]:)he‘ne)l be'ing 
fornu'd invai'iably. The benzyl aryl e'tlu'rs are* e'leavi'el at a se)mewliat 
le)wer temperature* than the be*nzyl alkyl eihe'rs. The* diaryl e‘the‘rs 
Inquire a seanewhat highe'r te'mjK'rature* fe)r hyelre)ge'ne)lysis, i.e., 150° to 
200°. Ove*r Rane'y nie'ke*! tlu*re' is very little* hydre)ge‘natie)n e)!' the'se* 
e'thers, but o\'er nieke*! on kie*se‘lguin* a niimlx*!* e)f elhe'is re‘ae*t by hyelre)- 
ge'iiatieai rathe*]* than by hydre)ge'ne)lysis. The* i*(‘aeline*ss e)f the* e*le*a\'age* 
of l)e'nzyl etlu'rs is ane)lhe'r ilhisti-atiem of the e'flee't e)f a double* bone! in 
the* 2-])e)sitie)n in labilizing the* e*a7*bon-te)-oxyge‘n beniel. 

The e'tlie*]' linkage in tetrahyeli-e)furan ele*ri\’ative*s is epiite stable 
te)ward hydroge'ne)lysis, but bee‘a.iise* e)f the* influe^nee* of the* ele)uble* bejjids 
the* furan de'rivati\'e*s are e*le'a.ve*el by hyel?*e)ge n at, 175° or lo\\(‘r. 

Nieke‘1 is j)i‘e)bably a more* ae*live* e*ataly.-<t than e*e)])j)e‘r e*hre)niit(' for 
the hydrogene)lysis e)f e*ihe*rs. C'e.)i)]H‘r e‘hre)mite* is a l)e*tte*r e'atalysl fen* 
the cleavage e)f furanehel e’eanjieninds, since it is le*ss ae'live* te)warel double* 
bemds; hene*e tliose* ini])e)rtant labilizing groups are* ne)t- hyelre)genate*el 
until after ]iyelre>ge'ne)lysis has occurre'el. (\>j)pe‘r e‘hre)mite‘ was abe) Uv^e‘el 
by Zartman fe)r the* hyelre)ge*nolysis of the* e‘lher 1, l-di])henyl-2- 
phenoxyethyle'iie at 200°. 

Hydrogenolysis of Acetals 

RCdI(()R')2 — RCn,OR' + R'OII 

The same conditions that are* fa\e)]-able* to the*- hyelroge'ne)lysis of 
ethers also result in the* hyelM)ge‘ne>lysis e)f acetals. Die*thyl furfural 
acetal is convert e*d in 97 pe*r e*(*nt yield ove*!* nie*ke*l (k) or Raney nicke'l 
at 175° to furfuryl ethyl ether. 

CH— -CH (ID CTT 

II II + n, il !i + c.ir.oJi 

CH C(’H(()C2ir,)2 CH CCH2<)('.>H, 



136 Duzoo and Adkins, ibid., 57, 117 (Uri5). 
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If a of any oiio of s(‘V(‘ral amiiu's is adtlnl to tlie reaction mixture, 
then th(', n^aetion is j)rimarily one of liydro^caiation and the diethyl 
acetal of tetrahydrofui-fural is ])rodu(*(Mi in a 70 jua* (*ent yield. 

The course of the hydio^enatioii of a eydie acetal (benzylidene 
acetal of ethylene glycol) may be represeiit('d thus: 

C6H5('JI,()CIT,('II,0H —4 C'eTIiC'IIa + nOC'II,CH20H 


/()— CH.. 

i C6llr,('II.> + C'll3CTl..()n 

N)- cjio 

!!-> Ih j 

C\,lT,(dI<' - > CVdf-,Clb>0(TI,(d!, + n,o 

N)ii 

The above sclaanc' a(*(*ounts for th(‘ ])roducts (totaiiaal at 125°, i.(\, 
tohaan^, (^tluinol, (‘thyUau^ gly(*ol, ])enzyl (dhyl cthcT, and tlu' mono- 
Ixaizyl {'ilier of ethylcaa^ glycol. At 175° tlu'se same ])rodu(‘ts \v(‘re 
oblaiiual, ac(‘()in})ani(‘d by tlu' corresponding h(‘xahydr() compounds, 
l^lliykau' glycol and hydrocarbons \V(‘r(* oblaiiual at 175° from th(‘ l)(‘nz3^1 
eth(‘r of (‘tljylene glycol. The hydrogenation of llu‘ b('nzylid(‘n(' ether 
of trini(‘thyl(ai(‘ glycol and of th(‘ 1 ,2-b(mzylid(‘n(‘ ether of glycca'ol 
yit'lded r(‘sul1s similar to those* obtained from the ('tlua* of ethykan* 
glycol (‘Xcept that the* hydrogenation pro(*(*ed(‘d niore^ slowly. 


Hydrogenolysis of Acid Anhydrides and Imides 

Both ])hthalic and succinic anhydrides were nnluced with hydrogen 
to gi\'(' kvctoiH's as \\(*11 as nion* com])let(*ly hydrogiauitcal products. 
Phthalie* anhydride* over nicke*! at 150° or co])]Ka’ chromite at 200° was 
(*onvc'rt(‘d to pht halide* in SO pe‘r (*e‘nt yic'lds, 



while suc(*ini(* anhydride* ovea* copper chromite at 250° gave a 29 per 
(‘('lit. yield of butyrolactone: 


CTI.” 

I 

cir,- 




CHo— c=o 


Austin, BousiiiU't, find Vazinr, ihuL, 59, 864 (llKiT). 
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A similar transformation is the hydro^eiiolysis of ])hthalimide to plithal- 
imidinc in an 80 per cent yield at 200° over nickel (A) : 



C=() 
NH 
C=0 



N-substiiuted siuudnimides and jz:luiarimides have also been conveiied 
to th(‘ coiT(‘,spondin^ I)yrrolidon(\s or ]nperidon(‘.s ov('r Haney nickel 
at 220° in dioxane solution where R is — (H 2 C'Pl 2 C'oHn or — CsHn. 

0 


II 

nucih 



CII 2 C (Tb.(^ 


II II 

0 o 


Hydrogenolysis of Esters and Lactones 

RC()2R' “> RCOoII + R'lr 

Certain esters and ]a(*ton(\s r(‘adily nnd(Tgo h^^'drogenolysis ; benzyl 
acetate, for exami)l(‘, was (iiiantila(iv(‘lv conv(a‘t-(‘(l to tuliH'ne and aceth* 
acid at 135° ov(t nick(‘l. The reaction is not conipl(‘t(' unless an amine 
(N,N-dim(‘thylcycloh(‘xylamine) is used as a solvcail, to ncMitralize th(' 
acid as it is ])roduced. u-Benzoyl ben zoic (‘stcT is conv(‘rt('d in 95 p(‘r (*(‘nt 
yield ov(t nickel (h) at 150° to o-benzylb('nzoic acid. TIk' redaction prob- 
ably involves, first, the hydrogenation of th{‘ cai’bonyl; s(‘cond, the 
formation of a lactoiu'; and thcai the hydrog(‘nolysis of the lactone: 



Paden and Adkins, ihid,, 68, 2487 (193G). 
139 Wojcik and Adkins, ibid., 65, 4939 (1933). 
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Certain laclones have been eonverk'd in 70 to 80 per c('nt yic'lds to 
the glycols, y('t. the hydi'ogcaiolysis to the acid is always a possible source 
of difficulty with such coinjKjunds, i.e., 

(^lI,CH2r.H,C=() + II, CHsCIToC 1 1,00,11 

I (>.. — J 

I’he oxygen of tlu' carbonyl grouj) may also undergo ck\‘n\age wth 
the formation of tc'trahydrofurans. 

CII,CH,CH,C=0 + 211, ^ CH,('H,CTI,C[T, + 11,0 

rurfural diacetate readily undergoes hydrogcmolysis with tlu' for- 
mation of consid(‘i'al)le amounts of furfuryl acetak': 

nr- - rii ni- ('ii 

1 ! |i + n, I! !i +C113CO2I1 

(dl CClKOoCCIfs), ('ll ('('11,0,00113 

\(/ \(/ 

H 5 ^dr()^(niatioii also oc'curs, so that oIIkm* prodiuds ar(‘. i)r()dii(?ed. 

Hydrogenolysis of Carbon-Carbon Linkages 

Carb()n-t()-(‘arl)()n linkage's ar<‘ in some' case's ck'ave'd ))y liydrogeai 
iinde'r the' e'ondilions list'd for livdroge'nation \\ilh nickc'l and (*o[)|>('r 
clironiite' cala-lysts.''^’ Alkyl and aryl grou])s as wt'll as oxygeai and niti-o- 
gt'ii as siibslitiU'nls labilizt' a c*arbon-lo-carbon linkage toward hydroge-n- 
olysis. 

P('n(a])li('nylt‘tlian(' is c*lea^’ed by hydrogen at 125 ove'r nicked and at 
200^ ove'r co{)per clironiite. 

{CcJh,)rCU{CcM,h -b Ilo -> (C\Ilb)3CII + ((^olbO^CH, 

Tetraidienyle'thane' is alsei e*k'aveel unde*!- somewhat moie drastic condi- 
lienis, but triplu'nylethant' is stable toward hyelre)ge‘n e)^■e'r uicke*l and 
(*o{)pt'r chremiite at le'ast up te) 250^. Tht' unsat ura-U'd iiht'nyl greiui) is 
niiie'h meire e'ffectivt' in labilizing e*arl)on-to-carbe)n bonds than are the 
saturatexl groups. Kveii the' highly substituteel pe'ntae'ycleihexyle'lhane 
is re^sistmit te) hydroge'iiol^'sis. 

A single eixygeai deie's labilize a carlion-lo-carbon linkage, for an 
alce)he)l of the type RCH 2 OH reacts with hydreige'u o\a'r Raney nicke'l 
with a rupture e)f the linkage betwee'u li and the carbinol carbein, but 
the temperature required for this reaction is rather high (250°) and even 
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then the reaction procec'ds slowly.'^® IIow(!ver, two oxygens in tlie 1,:!- 
positions with respect to (iach otlu'r (‘xert a powerful influence in facili- 
tating liydrogenolysis. The diketone, (CH; 5 )yCon 2 C'OC'H 2 C'()('H;i, 
gives a 2.) jx'r cent yield of (Cn 3 ) 3 C(iH 2 C'(XTI;j at 125° ov'er Haney 
nickel. A more highly substituh'd 1,3-diketone, C'cH„C’()(’H(T)(’JI.,, 


(dlA’dlr, 

undergoes liydrogenolysis at, carbon linkage's to thi' exh'nt, of more' than 
68 per cent at 60°, while CTI.')(H)C'TIC’()(Tl 3 gi\'('s a 10 jier cent 3 'ield of 

ClloC'cITi 

c;n,.iC0CH2Cii20,jir,. 

'J'he combination of alkyl and oxyge'ii sulistitution is the most, etfeet- 
ive structure' feir labilization towarel hydiDge'iiolysis. As neite'd el.se- 
whe'i'e' in this e'hapte'r, disubstituti'd maleinie' e'ste'rs unele'i'go hyeli'o- 
ge'imlysis eiuantitative'ly in the se'iise eif the' reaction 


RsCCOAt-IIf, --> (R'.ClK'OA^lIi + IK'tU'oTl:,) -> 


CXbC.lI:, 


R2C1IC]I.,0]I -f riI;,OII + 2C2H,,0II 


Substitute'd /S-ke'tei esters show a similar type eif re'aetion. Feir e'xample', 
in an ae'e'teiae-e'tic e'ster (']1;{('()- • •t’HKCtt.tbllr,, wheae' H was //-butyl, 
e'k'avagei eice'urre'el at the' elotte-el linkage' to tlu' exle'iit of 7 1 pe-r eeni , while' 
when H was be'iizyl the' cle'avage' w;i,s quantitative'. Jlthyl dime'lhylace'- 
teiacetic estt'r unele'rwent, the' feille/wing re'aetion: 

CHaCOCMe'.AXt.C^II,-, Mo^CIKTloOlI -t- 2r2H,-,OIl 

Brancheil-e'hain alkyl grenips are' even more e'ffe'ctive' than straight-chain 
sub.stitue'iits in fae'ilitating the cle'avage of d-dike-toiies,' “ anel a, d-ke'to, 
/d-hj'droxy, or malonic e'ste'r. For e'xamjile', .Me'atXHX'TFjC’tX is 
('leaveel tei a greate-r extent than CH.XXXTHt 'OtUla. The- 1,3-glye'ols 
be'have' similai'Iy to tlu'se' ke'toiu's and e'sters. I'kir instance', 2-me't,hyl-2,4- 
pentane'dieil ((il;j) 2 r(OIl) • • ■C'lloC'HOHCH;, is e'le'aveel within 'thirty 
minute's to give an 86 jie'r ce'iit yie'ld of i.sojireijiyl alceihol. (The' linkage's 
undergoing liydrogenolysis are indicate'd by dotted liiieis in the formidas.) 

CITo • • • OH 

I 

HO • • • CIHC • • • CHoOH 

I 

CH2OH 

140 Wojcik and Adkins, ihuL, 55, 1293 (1933). 

Sprague and Adkins, ihid., 56, 2009 (1934). 
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Pentaoiythritol (*lcav(‘(l (iuanlitativ(‘ly at one carhon-to-carboii and at 
two carl )()n-t.o-oxy gen linkage's to give isobutyl and methyl alcohols. 
Even ])inacol, a 1,2-glycol, sulTe'reH carboii-to-carbon cleavage to the 
extent of 17 j)er cent, along with a siniilai- amount of carbon-to-oxygen 
cleavage to give diniethylisoj)i‘ 0 })ylcarl)inol: 

on OTI (dbO-iCIlOll 

I j _> _|.- 

(CIT,)>C • • • CXOlI:02 (CT1,)2C0IICH((HI,)2 

A sufficient accumulation of liA'droxyl groups evc'ii witliout alkyl sub- 
stitution makes liydroge'uolysis of carbon-to-caibon linkage's possible'. 
Sorbitol or rnannite)! at 250° over e‘e)ppe‘r chi*oniite‘ gave a higli yie'lel e)f 
l,2-pre)pyle'ne glyce)l along with smaller yie'lels of me'thanol and e'thane)!. 
Pre3])ylene‘ glycol is alse) the' major j)re)due*t in a lather ce)mple‘te hyelro- 
genolysis eif glue-eise, lae'tose', malteise', anel sue‘re)se*. Le\ss eajinpk'te' ]*e‘av- 
tiem of liyelrogen with the' sugars anel al(‘ohe)ls gave', kirge'i* yie'lds e)f 
produe*ts ne)t iuveilving tlu' lire'aking of e*arb<>n-te)-e arbem bonels. The^ 
prol)able weak bonds in sorbite)! are indie^a-ted ]>y dots in the' formula. 

CTEOll 

1 

('HOII 

I 

CII • •• on 

I 

C ll • • - OH 

1 

('IIOH 

I 

(' 114)11 

Tlu' cffccl iAa-ucss of groups in lalulizing ihi' liydrogc'nolysis 

of carlKai-to-oarlx)!! linkagos cannot l>c slal('(l quanlitativ('ly. Howc'vcr, 
a study of tlic data availahk* from sc'vcral invc'stigations indicates that 
among the c(nnmon radicals the (trder of inert'asing c'ffc'ctiveness is 
methyl, (‘thyl, benzyl, isoj)r()])yl, Mnityl, ])henyl, mesityl, hydroxyl, 
carbonyl, carbinyl, and acyl. 

Hydrogenolysis of Esters to Alcohols 

INTany esters aie reduced to alcohols by hydrogen over copp(;r chrom- 
ite at 200“ to 000° nndc'i- 100 to 3(H) atmosi)heres of hydiogen. 

KCOdl' + 2H2 IK'dI»()II + R'OII 

'«Zartiiian and Adkina, ib„i., 55, 4,W‘) 

'"Adkins and I'olkc-is. ihut. 53, 10').", (H«l). 

Wilbur Lazier, U. S. pat,., 2,079,414, and others. 
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The reaction p;oes smoothly and almost (iiiantitalively where R is a 
saturated, straight or branchcKl or cyclic chain. The method is not 
a])plical)Ie t.o est.(‘rs \vhej*e R carrk's a halogen or sulfui’ atom since tluise 
will reacT wiili hydrogcai or d(‘a(*tivat,(‘ tlu^ catalyst. If R is a i)hen3d or 
pyrrok^ nucleus the h,ydrog('iiation will piocecul bt^yond the alcohol stage. 
For exam})l(‘, ethjd Ixaizoatc' givt^s tohame. 

C 6 II 5 CO 0 C 2 IR + 31I.> -> Colh.CUs + CJT,()H + HoO 

However, if the aroinatic iiuck'us is two cai’bou atoms distant fj‘om 
the cai'balkox^^ grou]> it is without upon tlu', hydrogenation. For 

('xamjde, ('th\d /3-i)h(mvlproi)ionate is smoothly (‘<)nv(‘rt(ul to 3-ph(ni3^1- 
proi)am)l-l. Eth^^l a-})h('nylacetate gi\*(‘s both types of redaction, i.e., 
phenyk'thyl alcohol and ethylbenzcaie. 

If R (U)ntains an alkcnu^ linkage or akk'hyde or k('t.one group tlu'se 
grou])s will be saturat(‘d by hydrogcai before tlu^ conditions iK'cessary 
for the hydrogenation of a carbalkoxv^ groii]) ar(‘ reached. For exainpk% 
(‘thyl oleaU'. upon hydrogenation ovct co]3])ei‘ chroniitc' giv('s oc^tadecyl 
alcohol. 

CH3(Cn2)7CTI=CTT((’IT,)7(XbC^lb + 3II.> -> CJJ.CCHOkCH.OH + CXH 5 OII 

If zinc chromite is us(‘d as a catah^st at 300^ to 325° reaction ocaairs 
prehaxaitially at the caibalkoxy group, Imt tlu^ ok'^d alcohol, 

CIl,(Cn2)7CTl=(TI(CTF)7(db>on 

so prepared is contaminated with octackayl alcohol. 

A jyi'idinoid ring in R will also lx* hvdrogcaiated Ix'fore the carb- 
alkoxy grou]) is convc'rUxl to a carl)inol, so that- llu' ])roduct will b(‘ an 
alcohol deriv('d from pi]K'i-idin(^ rather than from ]yridiu(\ Tlu' pipcai- 
dine obtained will usually be alkAdated on th(‘ nitrog(ai atom, uiuka- 
th(^se conditions. 

If nitrogen or oxyg(ai atoms ar(‘ in th(‘ with r(*spect to tla^ 

carbalkoxy group, ck‘avag(‘ (hvdrogtaiolysis) ma,y occur. For exam})k‘, 
acetoacetic ester gives a mixture of 1- and 2- butanol: 

. CIECTIOHCHoCria 

CIUCOCJIoCO.CoII., / 

^ CIJ3GII2CH2CTI2OH 

Alalonic ester givc'S propanol-l rather than trimethyk'ne glycol. If the 
carbon atom between the carbons carrying oxygen is substitiited, as in 
the ethyl ester of diethylmalonic acid, tlaai liydrogenolysis of a carb- 
ethoxyl group takers jdac-e. There ai*e formed in this instance 2-(dh}d- 
butanoU and ethyl and im^tlyl ak'ohol. 

(C2ll5)2C(C02C2TTr,)2 (C 2 lIi,) 2 CHCIT 20 II + 02115011 + CH 3 OH 
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A nitrogen atom is similar to oxygen in labilizing a carbon-t.o-oxyg('n 
bond for clc-avagt'. For example, /S-pbxnidinopropionie ('ster go(5s to 
N-rt-propylpiperidinc : 

C5TInNCH2CH2C()2CLni, (MTuNCll2CH2(Hr3 + 0211,011 + II 2 O 

Oxygen or nitrogen in either the «- or y-imsition with respeet to a 
earbalkoxy groii]) is less effective in labilizing ck-avage than if they 
were in the /S-position, for a- and y-hydroxy listers may b(5 eonv(M't,('d to 
the corresponding glycols in good yields. Though it is imijossibk' t,o 
pi'('parc a glycol from a malonic estc'r by (iatalytic hydrogcniation, the 
succinic esU'rs go well into 1 ,4-gly(^ols. 

((Tl2)2((^02C..Il,)2 -- (Cll2)2(Cn.,On)2 

If the hydrog('natinn is not earth'd out, rather ra{)idly with a good ctitalyst 
and a sufficiently high jtix'ssure of hydrogen, jtroducts other tJuin glycol 
may be jtroduccsl in considerable amounts, i.e., ethyl j8-hydroxy buty- 
rat(', butyrolactone, butyric acid, and tt'trahydrofuran. 

A substituti'd succinic ester, diethyl a-m('thylsuccinate, gave a 72 
pt'f (‘(‘111 yi(‘ld of the glycol, but the ester having ;iu isojirojiyl group in 
the o-position gav(‘ ov(‘r twic(‘ as much isohc.xyl alcohol as of the glycol 
corrcs])ouding to the succinate. 

COA’.jr,, 

I 

(('ii,,)2CiicH<'n..('()k'2ni, -> 

CTI.OTI 

I 

((’iD.cnciLCiiyThoii +('iLOH + (ciD^f’iKjiicihcikoii +r..i[,oii 

Th(‘ t(‘n(l(‘ncy toward hydrogt'iiolysis of a carbon-l()-(‘arbon chain 
with increase' in branching of the I'hain is (juite geiu'ral, as noted else- 
\\h(‘r(‘. 

Th(' most imiiortant comnu'rc'ial ajiplic'ation of tin' hydrogenation of 
(‘sters to alcohols is tlu' coiiA'crsion of cocoanut oil and ollu'r gly(‘(‘rid('s 
to ak'ohols, useful iti th(‘ manufjicture of detergc'nts. The steixs in the 
jirocess using glyce'tyl lauraU' as the ester, are as follows: 

(Ci;ll23r()2),-,C3]1, T (ill. ;iC)iH2.iCIl20II + CsHofOIDa 

(.b2ir‘2r,()ll + HaHO., tT2n25US(34 + IL.O 

('i2H2,aTS04 + NaOII C,2lT26NaS()., + 1120 

I'lu' glyc(‘rol undc'i'goes hydrog('nolysis to proiiylenc glycol and propyl 
alcohol. 

The hydrogenation of (‘sters to alcohols in most instances goes 
smoothly and almost, quantitativt'ly. However, side react, ion.s may 
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occur if the csl,(‘r is iiupiiic'., if llio catulyst is impro])ei'ly prepared, or if 
the pressure of hydrogt^ii is too low. The cop])(‘r in ilin catalyst may be 
reduced from the bivahait to the univakait stale if water or acids are 
prescait in th(' mixture b(‘in^ hydrogenated. The dciactivatioii of the 
catalyst undc'r these (*ircumstances is shown by a change in color from 
the black (*oj)pcr chromite to a n^ddish cuprous compound. 

Th(‘ hydrogemation of (‘slers is ai)i)arently a reversible process in the 
sens(^, that the alcohols and glycols ])rodu(‘(‘d react to form esters. The 
concc'ntration of the est,(M-s so ])i‘oduc(‘d is of the order of a few per ccait 
at 250 2()()° und(‘r 100 atnios])h(‘r(‘s of hydrogen. At higher pressing's, 
250-300 atmos])}u‘r('s, the' conccuitration of (‘sters at e(|uilibrium is no 
more' than 1 ])(a* (‘ent. IIovv(‘V(‘r, if the catalyst is deacti\'ated befoi-e the 
coni])l(‘tion of tlie n'aelion, very consid('ral)l(' amounts of (‘ster may be 
pres(‘nt. 

Th(‘S(' est(‘rs may n'sull fi'om the rea(‘ti()n of two mol(\s of an aldehydes 
resulting from tlie j)artial hydrogc'nation of the ('st('r. 

rcoa^h^ I- 1I2 RCir() + (\>iuoir 
2 JUT10 HCOoCllAl 

As a matter of fact, (\sl('i's so i’(‘lal(‘d to th(' starling ('ster are oftx'n found 
in the reaction mixture'. Sucli an estc'r might n'sult from ah'oholysis 
a(‘(‘ording to th(‘ n'actions 

R(t),C2llr> + 2II2 RCTI.OII + ('2lI.>GH 

RCO.Collf, + lUdl.OH H(3),(Tl2H + C2II5CH 

But th(‘ amounts sonu'liiiH's found point, to the' validity of the meclia- 
iiism involving the akh'liyde. An active* e*a.talyst. will, of coin-se*, e*atalyze 
the hydre)geaiatie)n of the e‘ste*r KCO^CTRB to twe) me)le‘s of 11C'H2011. 

Leve'iie found that e*e*rtain hydreixy e*st(‘rs anel amino e'sters e*ould 
be hydrogeiiate*el ove*r e*e)ppe*r chremiite at a re*lalive'ty le)W te*mperature 
(175°). b^qual ame)unts of e*atalyst and e)f the* e‘ste‘r in me*thane)l we're^ 
use*d. Tlu'se* reeluctiems ele'peaid upon large*, ratiejs e)f e*.atalyst whie*h 
make ])e)ssible' the use* e)f a le)wer tem]K*ratui*e at whie’h liydre)ge*ne)lysis 
e)f the desire*d re*eluction ])i-oeluct, does not take i)lae*e te) any e‘e)nsiele*rable 
extent. Le*vene^ and his asse)ciate's we*re alse) siieH*essful in redue*ing the^ 
ethyl este*rs of leue*ine and i)henylamino acetie^ ae*id te) the ce:)rre*sponeling 
amino alcohe)ls with Raiie'y nie‘ke*l at 40° t,e) 70° in 9 to 18 he)urs. The 
yiedds were 40 i)er e*e*nt e)f (CII:,)2CHCll2CnNIl2(:n20II and GO pe^r 
e*nnt of C6H5CIINH2Cn20II. 

Lov(*no, Moyor, and Kuna, ./. Biol, (hem., 125, 708 (198.S), 

Ovakiniian, Kuna, and Levone, J. Am. (hem. Soc., 62, ei7G (1940). 
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The lowest tem]:)eratiiro at Avliieh the hydrogc^iialion of an ester 
has l)e('n re})orte(l over (*oj)]Ka* ehroiniU' is 125° for ('tliyl ]K‘nzilat(‘, 
(CV,Hr)) 2 f'WI(H.) 2 C' 2 H 5 . 11 s(‘eins probables that this (‘ster ('xisis in a 

tautomeric^ form 



((^6iic>)2C c— on 


1)02115 


Sinec' tliis is lh(' h(‘mia(*(‘tal of an oxido ketone, its (\asy hydrogcMiation is 
understandalde. 


Hydrogenolysis of Amides to Amines 

Tlu' leduelion of an amide' may Ic'ad to an amine or an alcoliol, d('- 
pending uj)on wlu'llu'r (‘h'avage oeeurs at th(' oxygc'ii or at the nitrog(*n- 
to-eaibon Tnikagc'. 

. 1 K'H,XTT, + II.O (a) 

KC— XH.,/ 

^ KC'II.OII + XIl,i {h) 


R('du(*tion of an amide' with sodium and an ale'ohol give's aleohols; 
e'atalytie* hydroge'iiat ion ovea* e*oppe‘r e*hromite‘ givc's the' amine in most 
instaiiee's. It is possilde'. that (‘\'en in catalytie* hye{rogenatie)n the' alc'ohol 
is first fe)rme'd and tlie'ii re'ae*ts with tlie* aninie)nia te) give' an amine' and 
wale'r. Tlie'ie' are* no expe'rime'iits wliiedi she)w cone']usive*]y the eenirse'. of 
the' re'ae-tion in e*atalytie* hydre)ge'nation, althemgh unque'stionabl}^ the 
ah'ohol is se)me‘times the' maje)r pre)due*t.. Fe)i’ instance, the' amide of 13- 
plie‘nyl])ro])ie)namieie' was e*e)ii ve'rted in liigh yie'ld to 3-phe'nylpropanol-] . 


/ 

C6ll5C'n..CH,C’ -XII, + 211 


C*\iC'r2e^4 

2Ge.)° 


CeiRCiioCii.cnoOn + NII3 


The yielels e)f })riniary amines l)y the liydrogenation e)f uiisu])stitute'd 
aniiele's are se'ldeHu aboA e' 50 pvr e*ent, l)ee*aiise* the temiperatiire e)f hydro- 
ge'TUition is so high (250 2()0°) that the' firsl-fornu'el primary amine' 
reacts with itse'lf to fe)rm a see*ondary amine. For e'xample, lauramide 
gave alme)st equal yic'lds e)f dodee*yl- and dide)de'cylamine. 

CiiHosCONTI. + 2H2 CioIl^bNII. + II2O 

2C12II25NII2 (ri‘>H 25 ) 2 NH + Nils 

The hydrogenation of mone)substitut('d amide's usually take's places 
smoothly. F or example, N-ey clohe'xyllaiiramide and N-phenethy 1- 
Wojcik and Adkins, ilnd., 56, 2419 (1931). 
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heptamidc gave the coriosponding cyclohoxyldodocylamine and hoptyl 
phonethylamiiH^s in yi(‘lds of tiui order of 60 j)er cent after h^^drogenation 
for l(\ss than twenty ininnt-es at- 250°. 

N-Acyli)ip('ridiiu\s arc^ (*onv('rt('d in good ^nc^lds to the (corresponding 
alkyl piperidines. 


RCON 


/- 


V 


IICH 2 N 


7 ^ 


V 


Th(' N-acylpiiioridines (*arrying a hydroxyl group in the /5-, 7 -, or 
6 -])()siti()n in the aeyl grou]) have ])cvn converted in 50 to 80 ])er cent 
yields to the corresponding amino alcohols. 



CJIioNCCHoCiroCTI.CIIOIKHIa rrJlioN(CIl2)4ClT01ICH3 + IIoO 


Raiu'y nickel (*atalyz(H tlu^ same nvivtion, Init tlu^ yi(‘l(ls of amino 
alcohols weiv not so good. How(‘ver, nickc'l is useful for convcn-ting a 
hydroxyaniid(' t.o an amid(\ 

CGH10NCCII2CIIOIICII3 ”> (hJTioNCCTToCIIoCIIa + IT2O 

Cop])er chromite catalyzes the same* ti-ansformation, lait th(‘ aniido group 
is also hydrogenat(‘d so that the i)roduct is f - 5 rii()N((Tl 2 );^CTI;i. Mon', 
higldy sul)stitut('d ainidc's, such as the amide d(‘rived from mucic acid 
and pi])('iidin(', give manj^ different produ(*ts as th(‘ n'sult. of hydix)g(‘,na- 
tion and hydrogeno] 3 ^sis. 

The di-N-p('ntamethyl(ni(' amkhc of /S-niethylglutanc acid was readily 
hydrogenated in 70 jx'r ccuit yield to the diamine. 


CONC5H10 

CIIoNCbII 

1 

CH2 

1 

CH2 

1 

CIICH3 - 

> CHCHs 

1 

CH2 

1 

Clla 

1 

CONCbHio 

I 

CII2NC5H 


However, t.he monosubstituted amides of glutaricc acid yiccld N-sul> 
stituted ])ii)eridines, the imide and a cyclic amide probably b(cing inter- 
mediate sU'ps.^^® 
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GONIICoIIii 

(,ai2 

CIT3 cai3 

X 

CH3 CH3 

XrX 

/N 

ci [3 (ais 

1 

CHs (HT.. 

(’.JI2 CH2 

caio cii.. 

G(cn:02 

1 1 

1 1 

1 1 

1 0= 

=c c==o 

('=() 

H-C CII.. 

CHs 


\x/ 

\n/ 

C0NnCr.ir„ 

C,„Hxi 

i 

I 

Colin 

Amide 

Imide 

Cyclic amide 

Pi pel idiiie 


The yields of the i)ip('ridiiie from ihv amid(% imide, or ey(*li(* amid(^ 
^ood over C()])per chromite. Raoey nick('] pro\'ed to a useful catalyst 
for coiivertiuji; the imide to ih(‘ cyclic ami(l(\ 

Amides of su(*.ciuic acid mny 1 h‘ couv(‘rt(‘d to ])vi-n)lidin(‘s by hydro- 
^euatiou over cop])(‘r chromite while su(‘(‘iuimid('s o\ (‘i* Jtau(‘v uick(‘l 
may be hydro^(‘nat(‘d to cyclic* aiuid(‘s. Amides of adipic acid may be 
converted to h('xahj^droaz(*i)im\s. 


(cib>)4(CONnc5riii)2 (vii^.^CrMn 

Hydrogenolysis of Organometallic Compounds 

Gilman, Jacoby, and Lud(*mau showed that the ])lienyl derivative's 
of erileiuiu, lithium, vsodium, potassium, ru])idium, and ex'siiim under- 
went h\rlroge‘nolvsis without an aelde'd catalyst. The re'action was of 
the type' + Jf 2 GfJb; + RH nnd te)e)k place* at room tempe'ra- 

ture within iO to 110 mimit-e*s undcT a pre'ssure of 1 to 2 atmosphere^s 
of hydrogc'ii. Se'veraJ alkyl a,nd aryl lithium e*e)m])ounds uudeTwc'ut 
hydroge*ue>lysis uiieU'r thevse* same', conditions. Earlie'r work had shown 
that the tri])hemyl deiivatives of phos])horus, arsc'iiic, antimony, and 
bismuth were' e*le*av('d by" hydrogem at GO atjuospher’e's at 225 to 350'^. 
Ge)mj)ounds of the ty-pe (GgH 5 )iTI>? (G^HojoZn, and 

(G(dl 5 ) 2 Mg unelerwemt liyTlrogeriolysis over* a nie*ke3l e*atalyst at 100° 
to 200° unde'i* 125 atmosphe'revs of hyrlrogen.^*’'^ 
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I. INTRODUCTION 

This chaptc^r will be limited to the consideration of organic compounds 
in which the most prominent chemical ijro]ierti(‘s are due t,o a functional 
group containing sulfur. Probaldy the most, import, ant sulfur com- 
pounds exclud('d by this limitation art' hett'rocycles, in which the chcmi- 
(!al behavior is modifitni by th(' infliu'nct; of sulfur upon the r(;st of the 
molecule but usually is not chiefly dependent, upon the presence of 
sulfur. 

The names of the types of sulfur compounds to be con,sidered and 
the structures of their parent substances are list,ed in Table I. Some 
of theses stnict.urt's are not. universally acct^pttMl or n^pn'sent comj)ounds 
which an; hypothetical but of which deriv’^atives are knowm. These mil 
be discussed in tht; setdions dt' voted to tin; appro]>riate series. 


'I’ABLE I 

CoMPooNUs WITH FeNCTioN.tL Gitoers Containing Slxfuk 


i 

N(UNcs 

Fonmdas * 

Ndtnrs 

Form ulas * 

Sulfhvdrvl (uiriipounds fni('r- 

K-s- -n 


() 

captans and 


Tlnolsulfonic acids f 

f 

R— R-RII 

Siilfidos 

R- 8- R 

1 

0 


Disulfidos 

R R- R-R 

1 

0 

Pol,V8ulfid(\s t 

lUR'i„R 
(// = 3, 4, 5) 

Sul fin ic acids f 

I 

u-R-on 

1 

r V 

Sulfonic acids f 

R~S -Oil 

Sulfonium salts 

1 

.R-R-R_ X 


s 

! II 


() 

Tiiioaldtdiydes 

R- C— 11 

Sulfoxides 

f 

11— H -K 

’’rhioketones 

S 

i! 

R—C—R 


() 




T 

K -S— R 


0 

Sulfoncs 

Thio acids 

11 


J 

Thiol acids f 

R-C— SH 


O 


S 


0 

T 

R- s— on 

1 

Tliion acids t 

II 

R— C—OH 

iSulfonic acids 


S 


6 

Ditliio acids 

j| 

R- C- -SH 


* The upual contentiuiis (j) 1829) jue followed m dejsi^natiiig normal and coordinate covalent links, 
t The structures of those compounds are roiisideiod in more detail in the discussion of the appropri- 
ate series. 
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Since oxygen and sulfur an' in llie same group of Uk' periodic table, 
similarities in the behavior of Iht'ir organi(; derivatives might be ex- 
pected. The dilTerences bet\v('en sidfur and oxygen compounds can 
usually be altiibut('d to on(^ of Ihc' following: (J) The sulfur kernel has 
one moi'e ('l(H;tron layer than the oxygen kcuiiel. Th('refore, the formc'r 
has the smaller effectives nuclear charge; (sinalk'r iuduestive effect) and 
the greater electron mobility (p. 1842). (2) In sesine cases the fact that 
the sulfur ese)inpe)unds have; highe-r meile'cular we'ights than the'ir oxygen 
anale)gs is the eshief faestesr re;spe)nsible; for elilTei’e'iices in physical pre)p(;r- 
tie'S. (3) Where'as e)xygen is unalde' to ex])anel its vale'ne;e .shell (j). 1837) 
there are some inelicatienis ())]>. 1831), 879-882) that sulfur may do se); 
therefore oxygen anel sulfur analeegs may rt;ae‘t, by elifferent mechanisms. 

In cemsiek'ring the functional reae-tions e)f sulfur e'emipenmds it. is 
u.sually true- that, the re'actie)ns of euie se'iie's are- me-thods eef prepa.ration 
fe>r otlu'r serie's. It. has iieet st'cme'd logie-al te) elise'uss subje'cts e'eai.sisU'ntly 
in the late'st. possible le)catie)n, sine-e this weaild fre'ejue'ntly emjdiasize 
re'actions fre)m their k'ss impejriant. asjK'e't.. The' arrangeme'iit of the* 
mate'rial is thei-efeu-e aibitrary, but suflie'ie'iit e‘i'e)ss re'fe'ieiu'e's will make 
the discus,sie)n of eae'h se-rie's e'e)m])le'le in itse'lf. 

The* diffe're'uc(^s in the- re'actie)ns e)f the' .‘ilkyl anel aryl derivative's are 
le.ss in the sulfur than in the' e)X 3 .'ge'n .serie's. In ge'iieial, tlie'7'efore', it will 
ne)t be lU'ce'sisary te) dise'uss se-parate-ly e-ompounels in which sulfur is 
attae-lu'd te) are)ma.tie' and alii)hiilic gre)U])s. ile)weve'r, in re'actie)ns e)f 
a give'll sulfur fune'tie)n with alij)halie' and areeinatic e'e)m])e)unels, the; 
usual elLffere'iices in re'ae‘ti\ity are' e)bserve'el anel may re'ciuire; se'parate; 
ce)nsiele'ratie)n; tor e'xamj)le', the me'thoels for the' inlre)due'tie)n of the; 
— 8II gremp into an aliphatic e'hain will be elilTe'ie'nt fre)m tho.se fe)r its 
introduction into an are)matic nucleus. In the eejuations ae'companying 
the di.scu,ssie)n the; symbol R will be' use'el to ine'lude beelh aliphatic anel 
areimatic radicals unle',s,s eetherwise; imte'd. Whe'ii I'eactieins are limited 
to aromatic compounels the' raelie'als will be' abbreviate'd as Ar. 

In discussing the' varie)us serk's of sulfur e;e)mpounds t he prese'utatie)!! 
will be gene;ralize'd. Sjie'cifie' e'omiieeunds will be; mentione'd e)nly when 
it' is necessary feir the .sake of illu.stratiem, when the e;e)mpounds are' es- 
pecially important, or when the re'actieins eiutlined may not be ge;neral. 
Peilyfunctional compeiunds will be meaitieineel only when tlu'y eliffe'r 
markedly from what might be exjie'cte'el from a knowk'elge of the; meinei- 
functional tyjie's. Although sf)me' atle'iition will be' given to structure 
and physical prof)c;rtie's, the e-hief e'mphasis will be upon methods e)f 
preparation and reactions of the various .series. 
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11. SULFHYDRYL COMPOUNDS ^ 

General Characteristics 

Occurrence. Morca plans aro prosent in petroloum (Hstillatos. Al- 
though they (*oiislitul(' a sniall ])om'ntag(' of tho dislillalo, tho large 
amount of ]X'lroleuin n^nunl makes tlu^ ima'caplans the most readily 
availahle of the organic* sulfur eompounds. Tlu' amount, of mer(*a})tans 
which could be oht aim'd from this source' is of the oi'dc'r of hundi-eds of 
tons daily ^ in tlu' Uniled State's aloiu'. Ihifortunate'ly, tliere are no 
uses so extensive' as to r(‘e]uir(' me'rca])ta.ns in tliis cjuantity; as a re'sult 
those not re'inove'd by e'xtraction witli alkali aie' c'ouAe'rte'd to disulfide's, 
whi(*h are allowe'd to remain in the' ])e‘tr<)l('um prodiK't. Ilowe'ver, large' 
ame)unts of a mere*a])ta.n mixlnre, e'ontaiiiing mosUy e'thyl nu'rcaptau 
with (*e)nside'ra])le' aineamts e)f me'lhyl meTe*a])ta-n and higheT mc'i-e'aptans, 
are available* from the* refming e)f ga.se)rme'. 

Me'thy] ine*re*aptan is a, pre)eluct of \])v anae]T)l)ie* ba.e*t('rial de'compo- 
sitie)!! of gelatin and albumin. It is ])artly re‘si)onsible Ibi* the* ode)r e)f 
fe‘e*e's ami is j)r('se‘nt in urine* afte*!* asparagus has be'en e'aten. Butyl 
me‘re*aptaii is ])re'se'nt in the* eh'fe'iisive* s('e*re'tion e)f the* skunk."^ 

Odor. The* e)rfensiv(‘ eulor of the* low-mole'cular-weight me'rc'ajRans is 
pre)babh' the* me)st m)te)rie)us cliaracte'ristic e)f organic sulfur ce)m])oum]s. 
It has be'e*n e'stirnate'd tliat ().00(),()()0,002 ing. (one ])art in fifty billion) 
e)f ethyl me'rca])tan in air may be* elete‘e*t('el by e)ele)i*. 'Die* un])l('a.santness 
ami inte*nsity of the UK'rcaptan ode)rs ele*cr(‘ase with an incre*ase' in the^ 
e*arbe)n chain; ?/-de*e*yl ami lauryl iue‘rca])tans have no me)re oele)!* than 
the ce>rre‘S})omling ah'ohols. The* e)elors e^F thie)ph(‘m)ls e)f low mole*e*ular 
wvight are' also un])le*asant, but the* highe*]* me'inbe'rs of the serie's are 
less elisa.gre'e*al)le. 

Toxicity. Care* sheailel be* use*d in hanelling me*rcaptans ami thie)- 
l)he*ne)ls. Dire*ct. cemlact with thio])he'ne)ls may j)roeluce* an irritatie)n^ 
of the* skin similar to that of ivy pe)ise)ning. Me'rcaptans ])re)duev various 
symptoms ' su(‘h as drooping e)f the liels, increase*d sensitivity of the* eyes 
to light, gideliiK'ss, h(*adae*h(‘, e)r se've're irritations e)f the skin. 

* Malisoff, Maiks, and (In m. liic., 7, 4\YA y UKM)). This pai)er, “A Study of Mer- 

faptaii e diomistry,” covers iiior c than 50 ])aj!:(‘s and includes niort* than (iOC) references. 

‘^Nencki and Siebei, Mo/taLsh., 10, 5lH> (ISSO); Nencki, ihuL, 10, 802 (1SS9) ; Bcr., 34, 

201 (loot). 

3 Nencki, Brr., 25, .^UJe elS02). 

^ Jleckinann, rharm. Va fttr<illinUi\, 37, 557 (IvSlHV), 

^ FiseJier and Penzoldt, Ann., 239, l.'U (ISSTj. 

® Hofmann and naiiinaiin, />( 7 ., 20, 2251 (18S7); Ja(*ot)sen, Ann., 277, 220 (IStKl), 
Hiiehner and Mueller, Z. (7/cm., [2| 7, 14 (1S71), Hunter, J. (V/cm. ;Ser.. 127, 911 (1925) 

^ Weber, Bcr., 33, 795 (1900); Giaudjean-Hirter, ('hem. Zenir., 11, llSl (191(>)- 



840 


ORGANIC CHEMISTRY 


Solubility. Sulfhydryl compounds arc usually less soluble in water 
than the corr(\spondin^ hydroxyl compounds. P.thyl mercaptan, for 
example, is solubhi to the extcuit of 1.5 jji;. in 100 cc. of water. Both 
rnercaptans and thiophenols exhibit normal solubility in org;anic solvcmts. 

Boiling Points. The high-molecular-weight iiK'rcaptans hav(' higher 
boiling points (Fig. 1) than the (‘errespoiiding alcohols. However, in 



Fig. 1. — Number of carbon atoms in R (R = CnTT 2 ;H-i)- Comparison of the boiling 
points of al(a)hols, imjrcaptans, and hydrocarbons. 

the lower mcanbers of the sen(\s the g!*(‘ater association of the ah^diols 
eaus(\s tlnmi to havi^ the highcT boiling points, as might be I'xpcudc^d by 
a comparison of the boiling points of liydrogen sulfides (b.p. — lil.cS'') 
and water. In the case of tlu^ //-heptyl derivatives, association of the 
alcohol is enough to com])(risate for the higlur' atomic weight of sulfur 
in the mercaptan; the two analogs, tberefon^, have tlu^ same boiling 
point. Similarly, thi()])h(*nol has a lower boiling ])oint than })henol, 
the thiocresols have about tlu' same l)oiling points as the cresols, and 
higher thiojduuiols ])oil higlujr than the corri'sponding phenols. Verifi- 
cation of th(^ opinion that the sulfhydryl giouj) lias l(\ss tcridfuicy than 
the hydroxyl group to undeu-go association is found (a) in spe^ctroscopic 
data ^ which show that p-thiocresol is not polymerizerl in the solid state 
and (b) in studi(\s ^ of heats of mixing which show that the weak donor 

^ Gordy and Stanford, ./. Am. Chmn. *SV>r., 62 , 498 (1940). 

® Coploy, Marvel, and Ginsberg, Udd., 61 , 8101 (1989;. 
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ability of sulfur is n'spoiisiblo for the failures of tliiophoiiol to be asso- 
ciated. The latter st\idi('s also indicate that hydro^cui of th(' sulfhy- 
dryl group may form bonds with donor oxygon or nitrogen in the case 
of thiophenol but not in the (‘ase of 7?-hei)t}d morcaiptan. 

Preparation of Mercaptans 

Hydrolysis of S-Alkylisothiouronium Salts. Alkyl halides “ and 
alkyl sulfates react readily with thiourea, giving isotliiouronium sails. 
Addition of alkali ]il)erat(\s IIk' free isothiouri^as, but these' are not stable 
and deconi])os(' to give^ mercaptans (SO-90 ])('r cent) and polymc'rs of 
cyananiide. Dihalides may be converted to ditliioglycols by this 
method. 

4“ 

NaOH 

A- > 

RSH + XaX + TToO + (n2NCN)n 


IIX + 


Nil, 


‘KH2 


R-S— C 




NHo 


Alkyl chlorides rea(*t ratlu'r slowly and require' a longeT ivflux pc'riod 
tlian the bromide's and iodide's. lse)thioure)niimi salts may also be i)re'- 
l)areHl directly from an ale*e)he)l (using dry hydre)gen chle)riele) anel 
thioure'a. Isothiouroniuiii salts make satisfae‘,te)ry elerivative's fe)r the 
ieie'ntifie*.alie)n e)f alkyl ])roinide's and e*hle)riele's. S-Benzylisothie)uronium 
salts of organie; aeaels are' useful as de_‘ri vat i ve's fe)r the ide'ntification of 
the' acids. 

Action of Alkylating Agents on Metal Hydrosulfides. jMercaptans 
are prepare'ei also l)y the' ivae'tiem e)f alkyl halide\s with an alcohe)lic 
se)liition e)f soelium 01 * potassium hyelrosultide. 

RX + K8II -> RSII + KX 

Olhe'r alkylating age'nls belmve similar!}^; sodium eth^d sulfate was the 
alkylating agent in the* first nu'iraidan synthe'sis. The' hydre)sulfide 
se)lutie_)n may be' ])re'{)a-re'd by saturating ale'ohedie alkali with hyelrevgen 
vsulfide'; i]i this case^ potassium hydre)xide is ge'iierally used because po- 

(a) Hoiishaw and SearU*, .1///. (Virvi. Soc., 69, 2057 (1057); [h) Olin and Dains, 
ibid., 62, 5522 (105e)') ; (r) v. Braun, Her., 42, 4508 (KKIO). 

Uninliart, Gai(\s, and Uonnor, Org. Si/nffn si's, 21, 50 (1941). 

12 Arndt, Milde, and lOckert, />Nt., 64. 225ei (1921). 

Jolinson and Spra^ua, J. Am. i'hrm. Soc., 68, 154S (195()). 

Brown and (’ainpbell, J. Chrm. Soc., 1099 (1957). 

Donlcavy, ,7. Am. (hrm. Sac., 58, 1001 (1950). 

(a) Fore and ik)ht, {hid., 59, 2557 (1957) ; (h) kdlis and Reid, 'thid.f 54, lG8e> (1952) 
(r) Hofmann and (’aliours, ,7. (ihem. Soc., 10, 520 (1858), 

Zeise, An/i., 11, 1 (1S54); Liebig, Ann., 11, 14 (1854). 
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tassium sulfide is more soluble than sodium sulfide in alcohol. Under 
some (H)ndilions (for (ixampk', when a se(*ondary halide is used) the 
complete al)senc(' of watei- is desii*al)l(', and Ixuter n^sults are obtained 
by treating absolute' alcoholic*, solutions of th(‘ alkoxides with hydrof^en 
sulfide. 

Since IIk* m(‘rca])taiis i*(‘a(‘t with alkali to giv^e mercaj)tides which 
may redact with alkylating agx'iits (p. 854), alkyl sulfid(\s are by-products 
in the preparation of m('rca])tans by this method. 

RSH + KSIl HoS + RSK — \ KX + T{SR 

This side reaction may b(‘ minimized by maintaining an exex'ss of hydro- 
gen sultide^, (‘ith('r by carrying out the* reaction uiuk'r ])ressure or by 
passing in hydrogen sulfide* during the* re*action. 

Catalytic Alkylation of Hydrogen Sulfide. Ikissage* of an alcohol and 
hydrogen sulfide over thoria at e'le'vated teanperature's produce's the iik*!- 
captan. 

ROH + IToS -^4 RSII + JI^O 

At\(\0 


The reaction is not conii)l('1('; ahonl 50 |)('r (•(Mil of //-Imtyl nKM'cajitan is 
produced hy one passage of /(-butyl alcohol and liy(lr(){>,(Mi sulfide over 
the catalyst. This method was used in a small plant for the ])r()duction 
of //-butyl niercai)tan, whi('h was under consideration a^ a camoufla”;/' 
gas (1017 1918). 

Addition of Hydrogen Sulfide to Olefins. The addition of hydrogcai 
sulfide to olefins does nof occur readily and re(pures high i/ressures and 
temperatures. The pi'oducts are, those expected from Alai’kownikoff's 
rule (“uoriiial addition,” p. 088). 

SH 


CII3— C=CIl3 4- JI3.S 
Clb 


KHl-.KK)'’ 

> CIl,- 

e’ltiy r:it:ilyat, 
pifasuK* 



CII, 


It appe^ars that unsatcirateKl terpene^s re*act with hydrogem sulfide* morei 
rcadil}^ than do simi)le* e)le*fins. 

Various catalysts for this rc'action have* be*('n use'd, inclueling e*lay,'“‘‘ 
me'tallie? sulfides,-^ and sulfur.-^ Sim*e* me*re*aptans may aelel t-e) ole'fins 

Kniiner and Rc'id, ./. /!«/. Chon. Sue., 43, SSO (l'./l!l). 

Boi'glin and Ott, U. S. pat. 2,()52,1!1() \('. .1., 30, 70S1/ (l‘.)30)J ; U. S. pat. 2, 07(1, 875 
[r. A., 31, 4017 (1037)1. 

Reuter and Cans. U. S. pat. 2,101,00r> [(". A., 32, 9.54 (19.3S)]. 

21 WilliaiiiK .and Allen, U. S. pat. 2,052,2(18 |r. ,1., 30, 7122 (1930)]. 

Jones and Reid, J. Am. (’hon. fine., 60, 2452 (1938). 
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(p. 850), sulfides are by-products of 1h(', redact iou. J)isulfid(\s and paraffin 
l\ydro(‘arbons are otJu'r by-products."^ 

Reduction of Disulfides. 1 )isulfid(\s under‘>;() 7('du(‘tive cleavage with 
potassium sulfide,"*^ zinc and a(‘(4ic a(‘i(l,"^ or nu4alli(* sodium."'* 

V 1x2^2 “h 2RSIv 

> 2nm 

> 2RSNa 

Since llie disuHid('s an' gc'iH'rally no more' n'adily available than the 
nu'rcaptans, this method is of limit(‘d u^c'fulnc'ss. JIow(‘\'er, cl('avage of 
disulfid('s vith sodium may Ix' us('d "•* advanlagc'ously to [>i'epare sodium 
m(‘rcaptid(‘s, in this way avoiding tlu' isolation of nu'rcaptans. 

Hydrolysis of Thioesters. Pu'active hal()g('n c()]npounds form, with 
])otassiuni (‘thyl xantliatc', S-alkyl ethyl xanthates which may be h 3 alro- 
lyz(‘(l to nu'rcaptans."^* 

S S 

P I'l 

! '* iron 

RX + KSCH)(^2IIf> — > li-S-C- OC^H:, -> hSII + + COS 

While' tlu' salt of a.n\' thioacid might bc' us('d in this n'action, the xan- 
that(‘s ai'(' tlu' most I’e'adily available com}>ouuds of this tyjx' and are 
almo>t always (‘m])lo>e(l in laboratory ])ra(*tic('. Sexlimn thiosulfate 
ma,v also be us('(l '* (}). S()2) but i‘(‘acts moi'(' slow!}" and n'rtuirc's care to 
avoid th(' formation of disulfide's. 

Ih HI 

ItX + Xa2S.>0.; ^ ^ LSStbNa > RSTl + NaTlS 04 

Miscellaneous Methods. Aliphatic sulfonyl (Rlorides are reduced 
to nu'rca])tans bv tlu' methods use'd for tlu' jireparation of Thiophenols 
(p. 844); this is not use'ful for tlu' pr('])aration of mercaptans shu'e the\" 
an' moi'e rc'adily available' than the ali])halie* sulfenyvl e‘hle)riele's. Mer- 
e'aptans are fen’iiu'd, aie)ng wath sulfide's anel pe)lysulfides, by the actk>n 
of sulfur on the (Irignai’d jvagent (p. 507). Mere*aj)tans are jwoduce'd 

-'Otto and Pxo.^Miig, Hrr., 19, aiJU (ISSO). 

Nolloi and Gordon, ./. A/rt. Chetn. /SV^r., 55, 1090 (lOaS). 

Stntz and Sbriner, ihid., 55, 1L^42 (19311). 

2'“' I.)o})iKs, Ann., 72, 1 eiS49) ; Ann., 75, 121 (1S50) ; Salomon, J. praLl. (In nu, [2] 6, 433 
(1S73); T.ourkart, ihnl., |2] 41, 179 (ISOO); Billman, Ann., 339, 351 (1905); Maiithner, 
Bcr., 39, 1347 (1900) ; Ts(4nigaC'‘fT and GastofT, Bcr., 42, 4031 (1909) , Zinckc and .lorg, Ber., 
42, 3302 (1909); ZimdvO and Dalnn, Bcr., 45, 3457 (1912). 

^K)14o and IVoogor, Bcr., 26, OOei (1S93). 
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when disulfides are used for the dehydrogenation of cycloparaffins 
(p. 863). Though ale.ohols may bo con veiled directly to mere-apt ans by 
means of phospliorus pentasulfide,-® this is not a useful pn^parative 
mc^thod. Ethyl iodide gives (‘thyl merca})lan with aciueous hydrogen 
sulfide, even in (lie presence of a(*id. /i-IIydroxyjn(‘r(*a.])(ans,^^^ /:^-amiiio- 
mercaptans,^^ Q?-aminom('rcapta.ns,*^‘' and /:^-k('tonua‘captans are ol>- 
tained l>y the special methods summarized in the following equations. 

Clio -Clio + II2S -> HOCHoCILhSH 

\/ 

o 

CII2— CH., + II2S IIv-NCHoCHsHfl 


N 

H 

RaNCIlsOH + II-.S ItaNClTsSII + II 2 O 


CoHsCJI—ClJCUCfilfr, + HoS CV.H;,(:iK'Il2C^()C6n5 

.SH 


Preparation of Thiophenols 

Reduction of Sulfonyl Chlorides. The reduction of an aromatic sul- 
foiiyl chloride with zinc and aciueous acid **'' oi’ will) stannous chloride! 
is th(! most common Tnc'thod for tlu' preparation of thiojeln'iiols. ddie 
yields are gene'rally hiffh (al)ov(' 90 ])er cent ), and th(‘ method is satis- 
factory unless nitro or other readily re'ducihle {;i(ni])s ai'c i)resi:nt.. 

ArS02CI + till. ArSII d- 2 II 2 O + IICI 

From Diazonium Salts. The reaction ® of cokl solutions of a diazo- 
nium salt and potassium ethyl xanthate foi'nis a diazonium xanthate 

]^ish(*hiinuk;i, J. F\*nss. ('hi tn. S<k' , 56, 11 [< '. A., 19, liSOS (1920;]. 

Brown and Snyder, J. Am. Chem. >SV>c., 48, lO^fi (192r)j. 

NonitzoHfu and Scailatescii, Jirr.y 68, 5S7 (HKlo). 

Mills and Bogort, J. Am Cfirm. 62, 107^1 (UilO). 

Binz and Pence, ihirj., 61, 8134 (1939). 

33 Haas, and ITuIh*!!, Ann., 394, 290 (1912); Nicolet, J. Am. Clicm. Sor., 57, 

1098 (1935). 

(a) Adams and Marvel, Org. Sijnlhrsf.'i, Coll. Vol. J, 490 ( 1932) ; VVigt, Ann., 119, 143 
(1861) ; (b) Bogert and Bartlett, ./. Am. Ckem. Sue., 53, 4040 (1931 ) ; Siiter and Scrutchlield 
ibid., 68, 54 (1930). 

3® Leuckhardt, Ber., 21, 915 (1888). 
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whic^h, upon warming, forms an S-aryl ethyl xanthate. Alkaline hydrol- 
ysis of the last givc's a thiojdicnol. 


S S 

II II 

ArN 2 +X“ + KSCOCIaUs -> ArN==N— S--C-OC 2 II 5 -> 


S 

II 

ArSCOCoHs -h N2 


i 

ArSII + COS -t- 02116011 


The n;aelion is grauTally mild Init' oeeasionally explosions occur when 
the xanthate and diazonium solutions aje mixed. 

S-Arylisothiouronium salts may Ix' prepared^’ by the reaction of 
diazonium salts with thioun'a; tlu'se are conv('rt('d by alkaline hydroly- 
sis to thiophenols. 


ArN2-' X- -1- S=C< 


.XII2 

\NIl2 




ArSC^ 


NH>' 

'NH2 


Nuon 

X- > 


ArSH -b (1I2XCX)„ + NaX + 1120 


Similar results may b(> obtained if thiourea is rei)laced b.y diphenyl- 
t liioun'a or 1 ,4-<liph('nylt hioscmiicarbazide. 

Small yields of Ihiojdienols have Ikhmi obtaimxl, along with sulfides 
and disuHides, by the reaction of diazonium salts with hydrogen sul- 
fide, sodium sulfide, and sodium thiosulfat('. 

Other Methods. Thiophenols have Ix'en obtained in poor yields by 
the reaction of phenols with ])hos})horus ixaitasuHidi'. and by th(> re- 
action of aromatic com|)oun(ls w'ith sulfur in the pn'sence of aluminum 
chloride,'''’ Thioiilumols :ire formed, along w'ith sulfides and disulfides, 
liy the action of sulfur on thi' Grignard reagent (]). 508). Aryl halides in 
which the halogen is activated by the presence of other substituents re- 
act with thiourea according to the scheme dc'seribed earlier (p. 841) for 
alkyl halides; for (‘xamiih', 2-chloro-5-nitropyridine may be eonviirted 
to 2-mercapto-f>-nit-ropyridine.'" I'lu! nxluctive cleavage of disulfides 
(p. 84o) is common to both aromatic and aliphatic derivatives. The hy- 
drolysis of thioun'thanes produces thiophenols. Sulfhydryl coin- 
])ounds are fornu'd by tlu* reduction of thiolsulfonic esters (p. 909). 

3" ilantz.scli and Frco.'^o, Brr., 28, 3240 (1895). 

Busch and Schub, J. prakl. Chrm., 150, 173 (19.3.S). 

Gric.ss, Ann., 137, 74 (l<S0r») ; Griw'lio mid Mann, 7>Vr., 15, ll»cS3 (1882) ; Stadlor, Bcr., 
17, 2078 (1881); Kliisnn, r., 20, 349 (1887); Tassinari, Bcr., 25, 908c (1892). 

riosc.li, Brr., 6, 478 (1S73) ; Fittica, Ann., 172, 303 (1874). 

Friodtl and Grafts, Ann. chini, phy.'i., [0] 14, 438 (1888); Glass and Reid, J. A)7i 
('hnn. Soc., 51, 3428 (1929). 

Surrey and Lindwall, J . Aw. (hem. Soc., 62, 1097 (1940). 

V. Braun, Ber., 42, 4508 (1909). 
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Reactions of Mercaptans and Thiophenols 

With Alkali. Rulfhydryl compounds arc‘ considerably more acidic 
than tlic (*orres])onding h.ydroxyl (*om])ounds and, as would l>e expected 
by analogy with their oxygen analogs, lhio])lienols are more acidic than 
mer(\‘ii)tans. 

Low-mol(M*ular-weiglit mer(*apt ans and thiophenols dissolves in 
a(iiieous alkali with tlie formation of extensiv(‘ly hydrolyzed merca])- 
tides. 

RSII + NaOII RSXa + H 2 O 

Ho\v(‘ver, sodium nudhyl m(a'(*aptid(' may be isohiU'd from aqueous 
solution, and the sodium salts of sonu^ high~mole(ailar“W(nglit thio- 
})h(‘nols are quit(^ i?isoluble. iM(Tcaptans of high mokaailar weight are so 
insolu])le in wa,1er that the al)ov(‘ ecjuilibrium is shifU'd to tlu' left and 
th(\s(‘ m(M-captans ar(‘ thei*(Tor(^ insolubk' in aqiK'oiis alkali.'*^ 

In ndining gasoline, the nanoval of m(a‘(*aptans is basc'd on tluar 
solubility in alkali. The naphtha is washed wilh alkali, nanovlng most, 
of the mercaptans of low inokaMilar wcaght. Th(‘ solubility of mc'rcaptans 
in hydrocarl )ons, how(‘V(‘r, shifts th(' nuaaaiptan-mc'rcaplidc' (Hjuilibrium 
and some m(‘reaj)tans, (^s])(H*ially those of high m()l(H*ular wcaght, rcaiiain 
in the hydro(*arl)on layca*. The method is improveal by tin* addition 
of substance's such as sodium isobutyrate which incrc'asi' tin' solul)ili(y 
of mercaptans in the' acjiu'ous laye'r. Steam distillation of th(^ acpu'ous 
mercaptide solution reanoves the mercaptans, and the alkaliiu' solution 
remaining may 1)(‘ us(‘d again for the treatment of na])htha.'^^'' 

Th(^ sodium mea'captiek'S are useful for tlu^ s 3 "nlli(‘sis of sulfuk's 
(]). 854). Alcoholic alkali may l)e useal for lh(‘ ]>reparation of ineaa'a])- 
tid(‘s from mea-captans \\hi(‘}i are inso]ul)le in aqu(*ous alkali. Jn r('a.(*- 
tions which reepiin' anhydnms (*onditions the' jn('rcaptid(‘s arc' ])r('])are(l 
by the reaction of m(‘rca])tans with sodium alkoxides. 

RSII + RONa RSNa + ROII 

With Salts of Heavy Metals. The rc'action of a mc'rcaptan or thio- 
})henol with an acpu'ous solution of the salt of a hcaivy inetal givc'S a 
highly in.solu)>le m(*rcai)tid('. Mercairy, k'ad, zinc', and cc)])pc‘r mc'a-c'ap- 
tidc's have ])robal>ly bc'en the most widc'ly stuclic'd of compcjunds of 

Phillips and Cdarke, J. /Iw. Chcvi. Sdc., 45 , 1755 

^’ab^ofT, JmL (^hc7n„ 32 , 257 (19-10;. 

Vabroff, Ik'rkoloy and White, U. S. pat. 2, 149, ‘179 [c A., 33, 4412 (1939)]; U, S. pat. 
2,149,3S0 [C. A.. 33, 4412 (1939)]; YabrolT and Wliite, Jud. Eu}j^. dicm., 32, 950 (1940). 

Birch and Nurris, J. Chem. Soc., 127 , S9H (1925;. 

W(‘rtheiin, ./. Arn. Chcrii. S(/c., 51 , 3(101 (1929;; Sachs, Schlesingcr, and Antoine, 
An/i., 433 , 154 (1923) ; Bertram, Rrr., 25 , 63 (1S92) ; Kliison, Bcr„ 20 , 3412 (1887). 
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this tyj)e, but many others (silver, Rold, platinum, i)alladium, iridium, 
nickel, iron, cobalt, tin, and cadmium mercaplides) have been prepared."'** 

2RS11 + (Cdl3CX)0)..Pb -> rhtSRb 4- 2CIbC001I 

\ olloW 

Tho inor(‘iipiifl(\s an' covaloiit (‘onipoiiiids, insoluble' in \vat(‘r ami 
soluble in organic solv<‘nts. 8oine of thean are so ix'adily foruK'd* and 
^o insoluble in waU'r that tlu'V are ])r(‘ci])ilai('d ev('n wIk'Ii a strong arid 
is the ollu'r i)r()du(*t (('.g., 1h(' n'aelion of a iiu'reaptan with silver nb 
tra.t(‘). JIowev('r, in onl(‘r to insun' eoinpk'te pr(‘(*ii)ita,tiou of th(' mei- 
eaptide, the a(‘id is m'ut ralizc'd or the n'ac'tion (*arried out with th(' 
metallie salt of a AVC'ak aeid (mc'iTurie eyanidi^, nu'reuric^ oxide, lead 
aeetat(', (‘tc.). When polyvalc'ut m('tals are usc'd, th(‘ int(‘rinedial(' ex- 
p('(*t('d from the si('i)\vise n'aetion of the m(‘i‘{‘a])tan with the salt may 
somc'tinu's b(‘ obtained. For <‘xampl(', alkyhn('i-eaj)U)mereurie chloride's 
may 1 k' e)btained fi'oni the* r('a(dion of nu‘r(*a])tans with nu'rcuric chlo- 
ride in ah'ohol solution.'^*'’ 

hSII + ll^Cn. > HSIlgCl + llCl 

Aluoiiol 

Th(' l('ad m(‘rcaptid('s f?*om the highc'r m('rcai)tans are soluble in 
gase)lin(* but are conv(‘rt(‘d by a.tmos))heric oxygi'u to insolubk' i)er- 
o\id('s.''“ Tli(' nK'rcai)Ud(‘s of h('avy ni(‘ta,ls may b(' iisc'd in nu'tathetical 
redactions in tlu' sanu' way as the sodium nu'naiptiile'S. Tlu' nu'rcury and 
k'ad m('rca})tid('s differ in tlu'ir Ix'havior u]>on ])yr()lysis; the fornu'r give' 
disulfide's and the latte'r sulfide's. 

(ll^^)olTg — ^ RSSTl + ITg 
(RS).,?]) -- RSR + PbS 

An unsymni(‘trie*al nu'rcury me're'a])tiel(', “me‘rthiola.te,” is useel as 
a ge'rmie'iele'. 

C'CGNa 

'• ^ -SllgC,!!,. 

Mniicliot and T^ax idson, />dr., 62, (IS I lUdan , AYiijUs and Vnn^indortaolen, Bull. i^oc. 
ihini. ]i</o , 30 , ana (lani) \(\ a., 16, an77 iiann ], liay, J. chew. Sor., ii5, s7i euuo); 
ihifL, 123 laa (iana»), llurmann, />»;., 38, ‘JSia (inOai, klasttn, ./. pnikt. Client., [2] 67, 
1 (llUJai; ITofinanii and UalK*, /. au<n^. ('htm., 14, (lS97j; Willgcrodt, />ur., 18, 331 

{i.ssr>), 

adic nanu‘ “iiH'rcantaii” results fioin tlie reatly roautiun of this soiios with mercury 
salts ( ‘coriais nuMcuriiis cai)taiis”h 

Dchus, Ann., 72, IS (19310 ; Gcrlich, Ann., 178, SS (1S75) ; Pay, J. Che??i. Sue., 115, 
S71 (1919). 

lUiwlin^'s, J. Chew. Sor., ShS (1937); Fiodcrick and C7hallcn},;cr, ibid., 1S72 (1938) 

Fore and Host, ,/. Aw. {'hew. Soc., 59 , 2557 (1937). 

‘'"Ott aiul Ueid, I nd. Bnii. ('hem., 22, .SS4 (1930). 

^’H)tto, Ber., 13, 12S9 (ISSO). 
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With Carboxylic Acids. Tho reaction of niercaptans and thio- 
phenoLs with (jarboxylie acids other than formic acid is analogous to the 
esb'rifi cation of alcohols. Assuming that tlui rnercapt-aiis, like the alco- 
hols, n^act initially by addition to th(^ doiilde l>oiid of the (*arboxyl 
group, it is imd(a*standa]>lc that the })rodu(d,s are thiol(\stej*s and water, 
rather than esters and hydrogen suKidi*. 


R.— + R'SII 

X)ir 


^'1 X) 

< ^ R— Cf + H2O 



R— (J— oil 



The reaction is rev('rsi])le and tlie (equilibrium unfavoi’able for the for- 
mation of thiol(‘i^ters in good yicelds. I'or f'xample, in thc' r(^a(‘iion of 
ethyl nu‘rca])t:an with benzoic acad tlie velocity constant (/ij) of the 
estcaification ixeaction is one thirl y-s(M*ond of that of tine hydrolysis 
reaction (/oo). In this case, tlu^ ecpiilibrium mixture from (e(|uimolar 
quantities of the neactants contains only 15 pcT (*(ent eth^d thiolben- 
zoate.^^ In the corresponding (\sterification with (dhyl alcohol and b(ai- 
zoic acid, Aq is about four tiiiues k 2 and at equili])rium about (>7 per cent 
of the rc'actants have been (onverb'd to (dhyl Ixaizoatc^ It may be 
noted that the above mcechanism agives with the ol>servation (j). OIU)) 
that thioacids ivact wiih al(*ohols to give esU'rs and hvdrog(‘n sulfides 
The j)rimary mercaptans give appro ximatedy the same* yiedds of 
thiol(*sters with the (‘xcejhion of methyl ni(Tcai)tan, whi(di giv(‘S slightly 
higher yields. The differences in inactivity IxdAvei'n j)) imary and 
secondary mercaptans is similar to the diffenaice Ixdween pjirnary and 
se(*ondary alcohols. 

The reaction of formic acid with mercaptans and thiuj)henols does 
not stop with the formation of a thiolformatcq the products aw trithio- 
or thof ormat es. 

O O SR 

II II 2HSH I 

ESH + llCOIl H2O + IKJ— ,SH. > IIsO + JTC— SR 


SR 

Faber and Reid, Ar/i. Chem. Soc., 39, 1930 (1917). 

Roberts and TTrcy, ilnd., 60 , 2391 (193S) ; ihid., 61 , 25S4 (1939); Datta, Day, and 
Irif^old, J, Chem. Sor.^ 838 (1939); TTukIics, Iiig(jld, and MastennaTi, ihid.^ (S40 (1939). 

*6 Reid, Am. Chvm. J., 43 , 4S9 (1910). 

Pratt and Reid, J. Am. (hem. Sor., 37 , 1934 (1915). 

Kimball and Rcid, ibid., 38, 2757 (1910). 

^^Holmberg. Ann., 363, 131 (1907). 
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The cai-boxyUc acid chloridea (but not sulfonyl chlorides [p. 907]) 
react normally with mercaptaiis and thioplKaiols, gi^nng t-hioleslers 
(p. 9:^2). 

With Aldehydes and Ketones. The reaction of siilfhydryl compounds 
wilh llie carl)onyl gi*oup is analogous to the formation of acetals from 
alcohols l)ut two important difh'rem^es may be em])hasized: (1) Sulf- 
hydry] compounds ha\'e a much gr(\ater ]*ea.c(ivity ihiin hydroxyl 
comiKjunds in addition r(‘actions. Although tlu^ l)henols do not. iv- 
act with ca.r])()nyl (*om])ounds to foi*m acetals or k('taJs and although 
al(‘()hols s(‘ldom give k('tals dire(*tly by rea(*tion with ketoiu's (]). 053), 
thio])li('nols and mer(‘a])tans react with both aldehydes and k(4ones. 
(2) Tlu‘ ])roducts obtahu^d from sulfhydryl com])oun(ls ar(‘ much more 
stabU' tlian a(‘(‘tals and ketals. JMercaptals aud nau’captols are not 
readily hydr()lyz(‘d by acid and a.r(^ stalde toward alkali. 

/Oil /SR 

)CW() + liSIl XY — + IT2() 

^SIl \SJ{, 

The products ol)tain('d from aldehydes are known as nicrcaptal^y and 
those fi'om kc'tones as tm rcaploh^. The init ial })rodu(*t. of th(' ix^action is 
a ]K‘mim(‘rca.ptal (or h(‘mim(‘r(*aptol) which reacts with another mole of 
sulfhydryl comjxmnd s])ontan(X)Usly or in the presence of a (‘.atalyst 
to gha^ tlu^ mer(‘aptal (oi* mercaptol). ITeniimercaptols hav(‘ be(‘n ol)- 
taiiu'd from th(‘ (luinoiu's d(M-ived from th(‘ j)olynuclear aromatic 
hydrocarl )ons/’‘ from cliloi-al, frohi alloxan/’*’ and from formaldehyde®^ 
(monotliiohemiformals). ]\Ionothioformals may be ])re])ared from 
(v-chloromethyl sulfides or ethers. 

cu-o icon nsn (ui-.o 

RSII - - > RSCdl^Cl > RSCH2OR/ < CnCIIoOR' ^ -- R'OH 

iiei iK’i 

Dinu'rcaiit.ols arc' formed by the reaction of mercai>tans with both 
ca.r))onyl groujis of diacc'tyl, acetyla-ca'tonc' and ac'etonylacc'tone, but in 
othc'r 1,2 and 1 ,3-dik(‘ton(‘s only onc' carbonyl group redacts. Mercap- 
tals and mercaptols may bc' prc'pared from aldc'hydc* and ketone sugars 
by reaction with nu'rcaptans in the presence of hydi-ochloric acid. The 

Rjuiinann, lU r., 18, SS I C1SS5); 19, 2S()I3 (IS.SCi) ; Posnor, Bcr., 36, 290 (1903); Bar. 
32, 1239 ilS99); Aulenru'tli, Ann. 259, 305 (1890); Bvr., 24, 100 (1S91). 

S<*h()nl)L*rg, S(‘h\itz, AroiiO, and Pei(*r, Bt 60, 2344 (1927). 

d’Ouvillo, Xlyers, and Connor, J. Am. (lu m. >Soc., 61, 201^3 (1939). 

Loxi, (Jazz. chun. ilaL, 62, 775 (1932). 

Bohnie, Bvr.^ 69, 1010 (1930) ; Wenzel and Reid, J. Am. Chem. Soc.^ 59, 1090 (1937). 

«« PoMier, Bvr., 33, 29S3 (1900); Bcr., 35, 503 (1902). 

Fiseln'r, Bcr., 27, 073> (1.SS4) ; T.avvrence, Jm /*., 29, 547 (1S90) ; Fisclier, Ilelfcricli, and 
Ohtinun, Rtr., 53, S73 (1920); llyeda. Bull. (livm. Soc. Japan., 4, 204 (1929). 
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products are readily crystallized, not very soluble in water, and havc^ 
been useful in sup;ar (Juaiiistry (p. 1575). 

With «,f^-Unsaturated Ketones, Acids, and Esters. I\I('r(‘ai)tans and 
tlii()})hen()ls redact witli Qf,/^:^-unsa(urated k(‘t()nes, esters, and acids, giv- 
ing /i-alkyl(hio (ka-ivatives (pix^sumably by 1,4-addition). 

CeHoCII-^C^ICOCrJb + RSll 

on 

(V,II:X4[- (4I-— -> CVJlf,C4ICIloCOCaJ5 

SR SR 


In some eas(\s (he reaction (xaairs without a (‘atalysi, in otlaa’s pipca’idiiu^ 
or sodium ethoxide is iiec(‘ssary. Tlu^ al)ov(‘ rcau'tion may be nnaa'scal 
b}" treatment with a l.)as(‘ in th(‘ ])res(Micc‘ of kaid accUate. 

2 CoUr,CHC\hCOC^lh + Pb(()(X)(hI,), + 2 Xa()II 
SR 

2CcT-l5t41--ClK^OCcIi5 4- ri)fSH), + 2CJl.COONa 


With Olefins.^^ Although hydrogen siilfKk' adds to ok^fins fp. <S42) 
in accordance to Markownikoff’s ruk‘ (“normai addition’’), most of tin* 
n^actions reported for meicapt-ans and ihiopluaiols o(*cur in th(‘ nianiKa* 
contrary to this ruk'. (^‘abnormal addition”). The ap])arent conti^a- 
dictions concerning llu^ modi' of addition which appiair in the olcka* 
literature are a rc'sult of an incompk'te uiuk'rstanding of th(' factors in- 
fluencing th(' addition. Addition in tlu' fashion ()i)]X)sit(' to that. (‘X- 
])e(*ted from Markownikotf’s ruk' is catalyzed by ])eroxid(‘S,‘"’ light, 
and phosphoric acid.^“ Ordinary sampk's of hydrocaibons and tliio- 
phenols appear - to (*onta,iii enough pia-oxidrs to bring about this reac- 
tion. No addition occurs with carefully ])urified naigents;- in th(‘ ])r(‘s- 
ence of sulfur - (as ethyl t(*trasulfid(') or sulfuric ac'id (diluti'd with 
water or acetic acid) n*a(*tion occurs in accordain^e with Markownikoff’s 
rule. 

Nicolet, J. A?n. Hum. Soc., 53 , 3000 (1031) ; ihid., 57 , lOOS (1935; ; MurKiui and Fried- 
irian, Hiochim. ,/., 32 , 733 (193S;. 

I'or a more cnniplote review of lliis sidiject, see Xlayo and W:illin;_% Chrni. livr., 27 , 
351 (1940). 

I\)sner, Hvr., 38 , (>4f> (1905); Asliwortli and Biirkhardt, J. iln m. Soc,., 1791 (192S). 

Kharasch, Read, and Mayo, (licni. and Tnd., 752 (193S). 

Carol hers, J. Am,. Chnn. Soc., 55, 2008 (1933). 

(a) IpatiofT, Pines, and Fric'diiian, ibid., 60 , 2731 (193S) ; (5) Ipatieff and Friedman 
’ddd., 61 , 71 (1939). 
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TVnixidos 


(CH3)2C=CIICIl3 + RSII- 




> [Cih)2Cii---cucu, (9o:;,) 

8Ii 

SR 

> {CUM' cii‘*c^n, (70^;;) 

indications 


Addition to acetylenes wilt also occur, l)ut tlune ai( 
that it may not take place as n*a.dily as with oh'fins. 


CeH.C^Cdl -i- ItSH -- (kllrXdl— (dISR 


With Nitriles. Tinino thiolesters arc formed by tlu^ r('a(‘t.ion of nua- 
captans and thio])henols witli nitriles in tlic^ ])i*(‘S('nce of di*y hydrogcai 
chloride. 


nn ' ^ 

RCr-X + R'SIl > R -Cf 


xiiiicn 


\SR' 


Solid d(‘rivatives suitabh' for the idcmtification of cyanid(‘S are o))tain(‘d 
!)y th(‘ naiction of in(‘rcai)toacetic acid with cya,nid(‘SC'’ 

With Oxidizing Agents. Compounds containing th(‘ siilfhydryl group 
ar(‘ 7‘eadily oxidiz(‘d to disulfides and, b}" strong oxidizing agents, to 
other products (pj). 862, 888, 907). 


2RSII + () -> RSSK + TloO 


Such varied reagents as halogcais, hypohalites, nitric acid, conccaitrated 
sulfuric acid, potassium jH'rmanganate, jiotassium f('rricyanid(‘, sulfuryl 
chloride, ha’ric ch]orid(‘, sodium i)olysultid(', “])ositiv('” halogen com- 
pounds (p. 87)1), sulfur dioxidi^ and atmosphiah* oxygcai constitute a 
l)a.r(ial list of tlu* sulistances which oxidize inei’ca])tans and thiojdienols. 
(Oxidation by air occurs viay rea.dily, especially in alkaline solution. 
Though th(^ oxidation of sulfhydryl (‘ompounds to disulfides will tie dis- 
cussed later (]>. 801), it may be noted that the use of iodine as the oxidiz- 
ing agent for this r(‘a,ction has )>een adapted to the (quantitative d(d.er- 
inination of th(‘S(' coinpounds.'^*^ Kleinentary sulfur"’^ also causes the 
oxidation of sulfhydryl compounds. 

Kohler and Potter, ihuL, 57, laiO (1<)35) ; Fr. pat. 777,427 [r. A., 29, 4021 (1035)]; 
(;er. pat. (;17.543 [(’. A., 30, 733 (193G)]. 

"t4iiteririoth and BruninK, Bcr., 36, 34(>4 (1903) ; Pinner and Klein, 7>Vr., 11, 7G2 
(lS7Sj. 

Condo, ITinkel, Fassero, and Shriner, .7. Am. C/icm. Soc 59, 230 (1937). 

Sarnpoy and Ucid, ihui., 54, 3401 (1932). 

^Ulolinberg, Ann., 359, SI (190S). 
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•— CII=C4I— are isosRaic and there ar(‘ many striking similarities in 
the eh(imieal, physical, and jdiysiological properties ot isosteres con- 
taining th(\s(^ structures. 

Preparation 

By Alkylation. TIk' reaction of mercapiides with alkylating agents 
(alkyl halides, alkyl sulfates, sodium alkyl sulfates, or alkyl sultonat('s 
is analogous tn the Williamson synthesis of eth(‘rs hut occurs much more 
readily. 

RSNa + RX -> RSR + NaX 

'Mcohol is usually a good solvent for the n^actants and is freciiuaitly used 
as the rea(‘tion mc'dium (r/. j). 840). 

Polyhalog('n compounds such as methyUau' halidc's,^'-' dichloro- 
acetainid(',‘^'^'' chloroform, 1,1 .2-<richloro(^than(‘, (4liylene hali(l(‘s, acety- 
lene dichloride, and a(*ety](‘ne t(4ra(‘hlorid(‘ l)C‘ha\'e normally in this ]’(‘- 
action, with compl(‘t(‘ r(^})lac(an(‘nt of tlu' halogens hy alkylthio grou])s. 
Cai‘hon tetra(*hlorid(‘ and some alkyhau* halid(‘S ('ause oxidation of 
the mercaptid(‘ to disulfi(!(‘. 

CCh + r)USNa + - + USSR + 4XaCI 4- XaOC^,I^, 

CoIWdllWdlJkCJU + 21tSNa--(VlhC41--CIlC^cII:, + RS8R f 2NaRr 

Instead of umha-going m(‘talh(‘sis, (‘om])ounds containing ‘^])ositiv(‘” 
halogen may oxidize the nua-captide to disulfidiv For caxainph', trilxai- 
zoylmetliyl chlorid(‘ and sodium />-tolylm(‘rcaptide give the sodium 
salt of trib(‘nzoylm(‘thane and di-p-tolyldisulfide. 

(C6ll5CO)3CCl + 2 p-CTI,(\Jl 48 Na 

ONa 


(rair>CO),(^=(T^6lh + (dl.AJhiSSCetRCIT, + XaCl 

Other halog(ai com]>ounds wliic^h may cause oxidation of nua’captidc's 
include (4iiyl a:-chloroacvtoa(‘etat(s‘**^ phcnacyl chloride, hronionitro- 

Gilman and Bcabor, J. Am. Chrm. >SW., 47 , 1449 {192r)). 

«Ulahriol, Her., 10 , 1S5 (lS77j; Otto, 27 , a()55 (1891); Otto, ,/. prakt. (lum., [2] 
61 , 285 (1895); Otto and Miihlo, Her., 28 , 1120 (1895); i''romm, Bon/inf^er, and Schafer, 
Ann., 394 , 825 (1912) ; l-'roniin nnd SudK-it, lirr. 55 , 1014 (1922i, Fromm and Landmann, 
i>Vr., 66 , 2290 (1928) ; Kohh'r and Tishh’r, J . Am. ('hvm. Soc., 57 , 228 (1985) ; dn Vi^^ncand 
and Patterson, J. Biol, (hem., 114 , 588 (198(1). 

Backer ami Stcdchoiidcr, Riv. imv, cfnm., 52 , 487 (1985). 

Otto, Bcr., 23 , 1051 (1890) ; Otto and Mnhlc, ./. p)akf. ('In m., [21 51 , 517 (1895) ; Otto 
ibid., [21 53 , 1 (1891)). 

Kohler and Potter, J. Am. (.'hem. Sac., 58 , 21(if) (1980). 

Finger and Hemmetcr, J, prakt. ('him., 79 , 449 (1909). 
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nK^tluine,®“ a-bromo amides, a-siilf()iiyl-a:-hal()-amid(\^,‘^'‘''’ " aiul a-l)ro- 

mosidfones.^'* The oxidation reaetion is favor(‘d by k‘mperatur(\s; 
metathesis may sonudimes l)e mad(^ (he main ivacdion by operating 
at room k'liijx'rature or 1ow(t. 

\\'hil(^ aryl halides Avhieli lack activating groii})s do not undcTgo 
Tnetath(‘sis with sodium m(‘rea.ptid(‘s iiiuka’ ordinary conditions, ymiitro- 
clilorobenzem^ and 2,l-dinitrochlorob(‘nz('n(^ n^ac*! to givci sulfides. 
It has b(M‘n r(‘ported that sulfid(‘s arc^ fornu'd by tlu‘ redactions of aryl 
bromides Avith kvid m(‘rcaptides/‘’ and of aryl iodides with sodium mer- 
cajhides iji the' })res(‘7ic(‘ of copper.^^ 

(RS) 2 PI) + 2ArRr 2RSAr 4- Pt)Br 2 

RSXa 4 Arl ArSR f Nal 

Th(d ])r(‘paration of symnK'trical sulfides may b(‘ cn^rrie'd out su(*C(‘ss- 
lully by the action of alkylating ageaits on sodium or ]>otassium sul- 

j-id(.J(v . 9H 

2RN 4“ ^ HsR 4~ 21 vA 

coiiAa'ision of thiophe'nols to sulfides may be accomplisheHl in tlu^ 
jm'S(dnc(‘ of sulfui'ic acid, using tertiary alcohols or oKTins a>s alkylating 
age'll thC-''’ 

((- if.‘{) )II- - I 

or I -- -> f(dl;;j3C()S(),II > ((MI.:)4tSAr -k HoSOi 

(CdI,)o( --Cdlo- 

From Olefins. Tlu' formation of sulfides from edefins by th(‘ addi- 
tion of hydroge'n sulfide', inercaptaiis. and thiophe'iiols has already be'c'ii 
discussc'd (pp. (S-i;_h ^^50) and lu'e'els no furthe*r me'ntion. 

Sulfur e*hle)]‘ie_ie* (S 2 d 2 ) reacts Avith olefins by addition to tAvo ('(piiva- 
k'uts of the un.saturate'd compound. Though the me'ctianism of the^ 
re‘action is obscui‘e', it a]>])e‘ars to involve tAVO stage's and it is likely 
dial sulfur die'hloride (SCh) is the re'actix’e age'ut.’^^ The' fate' of the' 

^-McFnikov, ./. (icn. Chem. 7, I54(i (laaV) [<\ A., 31, 8504 fl937)|. 

(a) (re)iuillt‘ ;uh 1 e'oiHun’, J. Am. Chrttt. Nor., 60, 35 (1938) , (})) Zk'^lor itrid e^'ornior, 
ihul., 62, 1049 (1910); (r) Barr, Zio^^ler, and e -onnur, ibid., 63, 105 (1941). 

Zit‘p;lcM- and Uonnor, 'il>id., 62, 3591) (194 M. 

Post, Tnnu'r, and Norton, ?7nV/., 64, 1985 (1933). 

Bonrst'ois, Hrr., 28, 3313 (1895); Kraft and Boiir^oois, Brr., 23, 3045 (1890). 

Mauthnor, 39, 3593 (19()C»). 

(kahours and ITofniann, Atm., 102, 391 (1857). 

r.oo, U. S. pat. 3,030.431 [(\ A., 30, 489 (1930)]. 

e'onant, IIalt^]lorn, and Richardson, J. .Im. ('hern. Sue., 42, 585 (1930). 

Patrick and Ilarkcrman, ,7. Phi/ti. Chem., 40, 079 (1930); Cooley and Yost, J. Am 
Cheyn. Snc., 62, 3474 (1940). 
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extra sulfur is uncertain/^-' but some of it is present as disulfide and tri- 
sulfide. This redaction was us('d by the Allitis in the war of 1914 -1918 
for the conversion of (‘thylene to mustard gas. 

Si>(4, i:::! SCls + S 

(^4l2=CH2 + SClo -> ClCHoCTToSCl 

ClCn2Cll2SCl + (^Il2=-CH2 -> C\CU2Clh^ClhClhCA 

The mecnanisin indi(\at(^d for this reaction sugg(\si,s that sulfonyl chlo- 
ride's should b(' capal)le of re'acthig with okifins; examples of this have 
been noted but not. ('.xtc'iisively investigated. 

ArSCl 4- CII 2 --CH 2 -> ArSCiroCTT 2 Cl 


The re'action of sulfur chloride (S 2 CI 2 ) with dim(‘thylbutadiene and 
isoprene ocunirs by l,4-additi()ii; biit/adi(^ne is chlorinated by this n'- 
agent. 



Cl Cl 

C— CITa 

CIl.,— c — -- ('—Cl I;, 

II + S2CI2 ~- 

•IT' 1 i 

Cil 2 

CII2 VAh 




From Diazonium Salts. Symmetrical aryl sulfide's may be obtained 
by the re'aedion of eliaze)nium salts with soeliiim sulfide e)r sexlium thio- 
sulfate. Thiejphe'iieds and elisulfides may l)e by-pre)elucls of the' 
re'action. 

2ArN2’X- -f NasS •-> ArSAr + 2 NaX + No 

Unsymmetrie*al diaryl siilfiek's or alkyl aryl sidfieles may be ob- 
tained by the reactieni e)f eliazonium salts with the' se)dium salts of 
thiophe'iiols or mere'a])t.ans. The pre)elucts are eliaze)sulfides, whie*h upe)n 
heating in ale^ohol se)lulion dee*ompe)se^ to give' sulfides. 

ArN2+X“ + RSNa ArN=NSR A ArSR + N2 

102 Felsing, Arenson, and Kopp, Ind. Eng. C'hrni., 12, 1054 (lOl^e)) ; Markevich, Colloid J. 
{U.S.S.R.), 2, 425 (192()) [(\ A., 30, 7011 (lOaei)]. 

Felsing and Ahmihoii, l 7 id. Eng. Chetn., 12, ie)e>5 (192e)) ; Ciihsoii jiiid J^opc, J. Chan. 
Soc., 117, 271 (1920) ; Green, J. Soc. Chem. Ind., 38, 409 (1919) ; ihid., 39, 563 (1920). 

Lecher el al., Bvr,, 65, 1474 (1922). 

Backer and Strating, Rec. Irav. chim., 54, 52 (1935). 

^o«Griess, Ann., 137, 74 (1S06); Stadler, Bar., 17, 2078 (1884); Klason, Bcr., 20, 349 
(1887) ; Tassinari, Ber., 25, 90S (1892). 

Graebe and Mann, Bcr., 15, 1683 (1882). 

108 Purgotti, Gazz. chiin. ifaL, 20, 24 (1890). 

lo^Stadler, Ber„ 17, 2075 (1884); Ziegler, Bcr., 23, 2409 (1890); U. S. pat, 2,011,582 
[C. A., 30, 489 (1930)]. 
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From Aldehydes and Ketones. The mercapf als, nu'reaptols, trithio- 
orthofonnatos (pj). 848 A>) aiid the eyelic lrim('i-s of tliioal(leliyd(‘s and 
Ihioketones (p. 923) are sulfid(.'s which an^ pn'j^ared by met hods d(\seribed 
elsewhere. a-Dialkylamiuosulfides may be obtained in good yk'lds 1 "“ 
by the reaction of mercaptans and secondary amini's with fonnaldchydo. 

RSH + CHoO + HNRa RSCIIoNRo + II2O 

a,a'-Ui-(dialkyIamino)-sidfid(‘s are formed by the reaction of hydro- 
gen sulfide with methylol amines ol)tained from formaldehyde mid 
secondary amiiu's. 

R2Nn + (ThO > IfaNCIlzOII 

2 R 2 NCn 20 Il + II 2 S -i— > R 2 NCIl 2 SCr] 2 NR 2 + 2 II 2 O 

Tlie formation of a-chloromethylsulfides from mercaptans, formalde- 
hyde, and hydrogi'ii chloride has Ixh'ii mentioned jireviously (p. 849). 

Other Methods. Hulfides ari' formed by the thermal decomposition 
of l(‘ad mercaptides (p. 817), the replacmnent of the — SOaNa groLij) in 
ci'i-fain aromatic sulfonate's (p. 895), and the introdiudion of the RS — 
groti]) into activ'o methylene comiiounds by the u.se of thiolsulfonic 
('sters (p. tllO) or sulfenyl chlorides (p. 923); these methods are discussed 
elsewhei-e. Sulfidtis may also be obtaiin'd ( 1 ) catalytically from mer- 
catitans in the* pj-c'sence of a nu'tallic sulfide' e'atalyst at high tempera- 
ture's, ( 2 ) freim aromatie' hyelrocarbeins and e’hloriele's eif sulfur,*” and ( 3 ) 
from the reae'tiein of elhylenei oxidei with hyelreige'ii sulfide^,**" mcreaj)- 
tans,*'^ or thioiiheneils. ^ 

2RSJ{ > liSK + IfaS 

Mct.-.ll.r 

sulfide 

Aril + 82(32 Ar 82 ri ArSII 




Sabatier and Mailhe, Conipt. rvmL, 150, 1509 (1910). 

KrafTt and Lyons, Bcr., 29, 455 (1S9(>) ; Schmidt, /h r., 11, 1108 (1878) ; Friedlandci 
Simon, Bvr., 55, 5909 (1922); Wood and Fieser, J, Am. Chem. Soc., 62, 2074 (1940) 
112 and Jbrg, Bcr., 58, 504 (1925). 
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Reactions 


With Halogens. Uridor anhydrous conditions sulfidc^s react with 
chloriiK'/^'^ bromine/''^’ or iodine to form dihalide addition j)r()du(*ts. 
Thes(‘ j)roduets may be (*onsid(‘red mok'cular compounds, or as having 
a structure similar to that of sulfonium salts (p. 419). 


R-S— R + X 2 R 2 S X 2 


X 

T 

K- H— R 


f 


X“ 


The formation of dihalid(^s occurs with great- ease when mc'thyl or 
m( 4 hyleiK‘ groups arc' adjaccait to sulfur. The reaction with bi’orninc; 
tak(*s i)lace so rc'adily that, it has been us(‘d as a quantitative method 
for the dc'tenuina.tion of sulfides. Thci rc'ac.tion of halogens with aryl 
sulfides must- bc' caTric'd out- b(4ow to avoid nuclear halogenation. 

In the presc'ucc^ of wat(*r thc' sinqik' sulfides an' oxidizc'd by halogc'us 
to sulfoxides, probalily liy forma.tiou of the' dihalide, followed by hy- 
drolysis (]). S71). If then'action is carried t,o (‘omjik'tion, sulfones arc* 
formed. Uiuk'r tJiesc' conditions compounds containing two sulfide' 
linkages attached t-o the' same (*arl)on atom (nu'rcaptals, trimc'ric*- 
thioakk'hydes, etc.) may be (‘k'aved with the formation of sulfonyl 
cliloi’idc's. 

(RS)2CHo + OCh + 5H2() 2HS()2C1 + CIRO + lOIiCl 

(CTl2S)3 + 7 CI 2 + filloO -> 2C\CU‘2^ihCl + CH 2 O + lOlICl + S 

With Inorganic Salts. The sulfick's form addition compounds with 
salts of the lu'avy mc'tals such as mercury, platinum, palladium, and 
gold. Probably tlu'se form as a n'sult of the' donoi* a.cti\ ity of sulfur, 
and the products obtained from menairic iodide,^"^ for ('xainpk', may 
b(^ represcaited as follows. 

R 28 + HgR R — S— >EIgl 2 

R 

and Vojrt, Ann., 381, XU (1911). 

Cdudintzov, J. Uuss. (Inin. Sor., 44, 1SS5 (1913). 

Patein, liidl. hoc. chini., 50, 301 (ISSS). 

IK) yj'oiiirii and Raizisf:>, Ann., 374, 90 (1910). 

Sarnpoy, Slagle, and Kcid, ,1. Am. Chrni. Snc., 54, 3401 (1932). 

lioesnknii, AVr. iniv. chitn., 29, 315 (1910). 

Lee and Doiighert 3 % J. Org. Chnn., 5, 81 (1940). 

^20 Loir, Ann., 87, 309 (1853) ;Ann. chhn. phya., [3] 39, 441 (1853) ; Blomstrand, J. prakt. 
Chew., [2J 38, 525 (1888) ; Faragher, XIorrell, and Coinay, J. Am,. Chem. Soc., 51, 2774 
(1929). 

121 Phillips, J. Am. Chem. Sac., 23, 250 (1901). 
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Those addition (iompounds are usually solids. Those obtaincHl willi iikm- 
ciuie ehloride have Ikh^u useful in the isolation of sulfides fj-oni pi^tro- 
leiun distillates; tlie alkyl sulfides may be recovered l)y treatment of th(‘ 
addition ])roducts witli hydrogen sulfide. Solid )_)i*oduets ()l)ta.in(al by 
reaction with palladous chlorides have Ix'cn uscal for th(‘ idcaitification 
of sulfides. 

With Cyanogen Bromide. The cleavage of sulfidc's l)y cyanogen 
bromide is analogous to the cl(‘a.va.ge of llu' amin(‘s with this rc^- 
agent. The products o])tain(‘d from unsymnu't rical sulfid(‘s d(‘})end 
upon the ^^r(4ativ(' elt‘(‘tron('gati\'iti(\s” (p. 1072) of tlu' groups; if both 
are saturat(‘d alkyl grou])s the snialka* radical a])p(‘a.rs predominantly as 
the bromide 

R'SR + RrCN — R/Br + RS(\N 


Other Reactions. The r(\actions of sulfides with alkyl halide's, (p. S()7) 
and with oxielizing age'iits (])[). <S70, 871) are' dise'usse'el e'lse'wluMX'. Sul- 
tiele's form aelelition preielueds with h(‘xaphe'nyletha.ne‘.^‘'’‘ Tlu' hydre)g(‘n 
attae*he‘el te) the o-carbon in suiride\s is more a.eadieC*^^' than in the' (‘e)rre‘- 
speineling e'thers; this is sheiwn by the* e)bseu*vatie)n that methyl ])he'nyl 
sulfide' uneleTgeie's me'talatie)n of the medhyl group, whe're'as anisede' give's 
ring metalatiem. 

( V)Hr,8( II;; 4' (7ilf»)Li — (hi bo T tV)lIr>S(dl2Li 

The' ])yre)lysis of ine're'aptols is re*port(‘d to gi\ e' vinyl sulfide's anel 
polynu'rs; the* latte'i* a.re‘ said to be fornu'el freim alle'iu's. 

(tdl3)2C(SR).> > RSII + Cdlo^C^— SR 

Zii( 'l-j I 

cn, 

MtTraptdl 

liSIl + CTl2=C=C'H2 PolynuTs 

Mcrcaj.iols react with ah'oluds at low i('iiij)eratuic'.s uiuh'r the influence 
of acids, giving accdals iuid mercaptans. 


lliCX^CoITs). + 2Cll.iOIT KoCCOCIis)^ + 2C2n5SH 

Acid 

122 Mabcry aiul Smith, Ain. Chetn. J., 13 , 2^2 (1891); McKittrifk, Ind. Kn^. 

21 , 5S5 (1929). 

Ipatieff and h'riediuari, J, Am. Chem. S’or., 61 , G84 (1939). 

V. Braun and En^^ebertz, Bcr., 66, 1573 (1923). 

Rogers and Dougherty, J. Am. Chevi. Soc.^ 60 , 149 (1928). 

Gilman and Webb, ?7mi., 62 , 9S7 (1940). 

(a) Sporzyn.ski, Arch. Chem. Farm., 3 , 59 (193(i) [(^ A., 32 , 8359 (1938)]; (5) Mochel 
U. S. pat. 2,229,005 [(/. A., 36 , 2905 (1941)]. 
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Whereas the sulfide link is quite stable in the simple sulfides, sul- 
fides with a labilizing group in th(' d-pnsition arc* rciadily chiaved in the 
presence of alkali. An oxampk' of (his has been no((!d (p. 850) in the re- 
generation of b('nzalac('(,oph('non(' from il-s addition product with thio- 
cresol; other examples are found in tlu! chiavage of mercaptols derived 
from )3-keto est,ci-s. 

CHaC(SC2n6)2CH2COOCi.Il6 — 

8C2TI6 

I 

Cri 3 ('=CHCOONa + C 2 HBSNa + C2H6OJI 


The reactions of ee^rtain sulfides indicate' tlnii sulfur may expand its 
valence shell (j). 881) and in this way (*-auso ae'tivation of the methyk'nc 
group. 

Mustard Gas and Related Compounds 

i3,/?'-l^i(‘liloroethyl sulfide (“mustard gas^’) is a strong V(\sic,ant. 
Individuals differ considc'rably in sensitivity, but a])proxiinat('Jy 0.5 mg. 
of mustard gas per scpiaT-e centimc'ter of skin produces blistei's.’^^ Ani- 
mals are killed after ('ight houi-s' (ixposurc^ to air (U)ntainiug less than 
0.01 mg. of mustard gas ])vv litc'r, although dc'atli may l)e delayed for 
several days. “Sesciui-miistard” (Cl(^H 2 CTl 2 yCdr 2 (dl 2 SC]l 2 CTT 2 (/l) is 
a stronger vesicant than mustard ga.s. /3,it^'-r)ibi-onioethyl sulfidi' 
is similar in a(dion Init has a lower vapor pix'ssui^e than mustard gas and 
is less dangerous to handh'. Branching of the carbon chaiti and in- 

creasing the mo]('Cular wc'ight diminish the V('sicant activity of jS-lialo- 
sulfid(?s; (CTIaCTICK'Ho)^?^ is much less toxic than mustard gas, and 
(Cn 3 CHClC'Il(C'H 3 ) ) 2 S is practi(*ally inactive. )S-Monochloroalkyl sul- 
fides and a,a'-dicliloroalkyl sulfides are relalively weak vc'sicants. 
i^jiS'-Dichlorovinyl sulfide (( '1C1T=('H)2H has a naus(;ating odor ]>ut 
is not a strong vesicant.. The v('sicant ac'tion of mustard gas and relati'd 
compounds is d(hstroycd by oxidation or chlorination. 

Posner, Bcr., 32, 2S02, 2S05 (1899); 7?rr., 34, 2VA:] (1901;. 

129 Marshall and l.ynch, J. rharmneo}., 12, 291 (191 S); Marshall, J. Am. Med. Assoc., 
73, 684 (1919). 

Bennett and Whineop, J. Chem. Soc., 119, 1S60 (1921); Rosen and Reid, J. Am. 
Cham. Soc.y 44, 684 (1922). 

^31 Stcinkopf, Herold, and »St6hr, Bar., 53, 1007 (1920). 

^32 Pope and Smith, ,/. Cham. Boc., 119, 896 (1921). 

^33 Dernuth and Meyer, Arm., 240, 805 (1884). 

Mann and Pope, J. Client. Soc., 123, 1172 ( 19231 ; lUiigh and Erickson. J. Am. Chem. 
Sac.. 61 . 915 (1939). 

136 Muller and Metzger, J. pmht. Chem., [2] 114, 123 (192()). 

Do.SKrez, Guilletnard, and Laliat, Chemie unil Jnehiulrie, 6 , 942 (1921) ; Spiea, Gazz 
chim. Hal., 49. II, 299 (1919); Helfrich and Reid. J. Am. Chem. Hoc., 42, 1208 (1920). 
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The preparation of mustard gas by the reaction of ethylene wth 
sulfur chloride has alnvady bt'cn mentioned ([). 855). During the war of 
1914-1918 it was prepared in Ciermany by passing hydrogen chloride 
into a solution of j3,/3'-diliydroxyethyl sulfide in hydrochloric! aciid. 

(IlOCIbClIaliiS + 21IC1 -> (ClClIaCIblaS + 2 H 2 O 

IV. DISULFIDES 
General Characteristics 

The disulfides have higher boiling points than the correspond- 
ing ni('rcai)tans, and their odors, though disagn'oabk', art! not so ob- 
jt'ctionable as those of tht' sulfhydryl comj)ounds. Allyl propyl di- 
sulfide is prestait in onions and occurs, .along with diallyl disrd- 
fide and allyl sulfide, in oil of garlic.*™ l-Proiienyl ,'?cc.-butyl disulfide 
(t'lT 3 (Tl 2 ClI — S — S— CII==('nCH;() has b(!en isolaied from oil of 

Clh 

asafel ida.*^’-’ Disulfides may iiroduce symjitoms similar lo thost' observed 
in iyy poisoning; tht' response' of indiyiduals varit's greatly, but this effect 
is usuiilly noted after tht! .skin has been rt'peatedly in diret!t contact with 
disulfides. 

Preparation 

Oxidation of Mercaptans and Thiophenols. The ease of oxidation of 
sulfhydiyl compounds luis bt'cn discusst'd t'lsewhere (p. 851). For the 
jnt paration of tlisullid(!s it is net't'ssary tti st'k'ct an oxidizing agent which 
Mill not oxidize disidfidt's. ('onycnient laboi'atory methods are the re- 
arlion of a sulfhydryl comjiound in atpieous alkali with iodine*^® and 
1 faction of a lead mt'rcaptitle with itidine.*®" 

2KyNa -h I 2 RSSIl + 2NcaI 
(RSl^rb + lo R8rfR + rbl2 

I'crric t'kloride,’"" lead peroxide,*'*'- hydrogen peroxidt',*^® and copper sul- 
fat(' **' also appear to bt' wt'll suitt'd for ust' in prejiaratiye work. 

(’arr, J. ,SVc. ('hnn. Iml, 38R, 4(>S (UUO). 

Scniniler, Arch. l‘harm., 230 , 434 (1S92). 

jVlaniliuh mid Frest'nius, ihid., 274 , 401 (19dG). 

Sinytho, J. Chnn. Soc., 96 , 349 (1909). 

Zincke and Frohncber^i;, Bcr., 43, S40 (1910). 

I"niiiinoror, 71rr., 43 , 1401 (1910); Zincke and Frohnoborg, 7icr., 42 , 2721 (1909). 

bitter and Sharpo, ./. Aw. ('hew. Soc.^ 69 , 2351 (1937). 

Klason, Ber., 20 , 3407 (18S7); Loven, J. irrakt. Chew., [2J 29 , 360 (1804). 
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Reaction of Alkylating Agents with Sodium Thiosulfate. Sodium 
alkyl thiosulfates, obtainc^d by Iho reaction of alkyl halides with sodium 
thiosulfate, are (ton verted to disulfid(ts by h(tatingJ^^ 

2RX + 2Xa2S20ri -> 2RSSO,Na ^ RSSR + SO 2 + Na 2 S 04 

Reaction of Alkylating Agents with Sodium Disulfide. Disulfid(‘s 
are obtaimtd by tlut i-(‘aeti()n of alkyl halidc's or sodium alkyl sulfaUvs 
with a solution of sodium sulfide in whi(*h an ('(juivakmt amount of fre(t 
sulfur has becai dissolved. Wlum this reagcait is trctaled vith acyl 
chlorides, actyl disulfickts ar(‘ formed. 

2RX + Na,2S2 RSSR + 2NaX 
O 0 

il II 

2RC^()C1 + Na 2 S 2 -> R(^— S -S-CR + 2NaCI 

Sodium disulfide solution a|)i)(‘ars to lx* an (‘qiiilil^rium mixture contain- 
ing, in addition to disulfide', sodium sulfide' and sodium polysulfides. As 
a (*ons('(|U(tn(^(', alkyl sulfides and ])olysulfid(‘s ant by-])roducts from th(‘ 
pn'paralion of alkyl disulfide's by this metthod. 

Other Methods. The' action of ammonium hydrosulfide' on k(‘t one's 
(p. 926) has be'e'ii repoi-ted to re'diu'e the' caiRonyl gi^ouj) with forma- 
tion of the (X)rr('S])onding disulfide'; the re'action has not, b(*('ii e'xle'nsively 
studied. 

CgHdCOCH, > C0H5CIT-S- S-CTTCdl, 

I I 

I I 

Oil, CAh 

As mentionexl e'lsewvlu'i-e, thermal decomjiosition of me're'uric mcTciip- 
tides (j). 817), the' action of sodium sullide* on dia.zonium salts (p. Sofi), 
and some' reactions of sulfeaiyl (pj). 921 922) j and sulfonyl (p. 907 j 
clilorides result in the' formation of disulfide's. 

Reactions 

With Halogens. Diaryl disulfide's are conve'rted to sulfe'iiyl halides 
by the^ ae'tioii oi chlorine or bi-omine' in anhydj*oiis me^dia. 

ArSS.\r + CI 2 2ArSCl 

Otto and Trocj'cr, R r., 26 , OUC) (iStri) ; Price and Twis.s, Chem. Hoc, 96 , 1489 
(1909); Stutz and Shnn(*r, J . Am, i'ftcn}. Sitc.y 55, 111413 (191111). 

Zei^c, Ami., 11 , 1 (1S;14); lUanksina, iitv. imv. chim., 20 , 1131 (1901). 

Bill/ and Marx, Jirr., 40 , I1S55 (1907) , lltaKinaiin, Rrr., 53 , 979 (1920). 

Baumann and J''roniiri, Her., 28 , 907 (1S95). 

Warren and Smiles, .7. (hem. Hitc., 1040 (1932). 

Rheinboldt and Notzkus, Bvr., 72 , 057 (1939). 
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sulfcnyl halides have not been obtained V)y this method (p. 
1)20), apparently because halo^enalion of tlu^ aliphatic groups occau’s 
more readily than cleavag(^. of the disulfide link. In the })resenc(‘ of 
water both aryl and alkyl disulfides are oxidized by chlorine and bro- 
mine to sulfonyl halides ([). 889). Soim^ disulfidc^s form t eirahalidcNs 
which may l)e hydrolyzed (p. 907) t-o thiosulfonic estca^s. 

With Strong Alkali. Whiles disulfides are stable toward dilute alkali, 
they may be split by strong potassium hydroxide'. "Plie init ial prodiuMs 
are probably mercaptides and sulfenic acids, but the products isolatc'd 
are mercaptides and sulfinates (e/. p. 921). 

2RSSR + 2KOTI 2RSK + 2RSOn " RSK + RRO 2 K + 21L.0 

Other Reactions. The reductive cleavage' of disulfides, which has 
Ix'en dist'ussc'd (j). 813), is one of tlu'ir most impoi-tant rc'actions. Disul- 
lides may be usc'd for the dc'hydrogc'uation of te'tralin and otlu'r hydro- 
aromatic coiipKninds.^*^^ 

C10TI12 + 2RSSR CioTR + IRSII 

70% 73 

Oxidation (|). 907), n'action with sulfur (p. SIm), and formation of sulfo- 
nium salts with alk} ! lialides (p. 807) are otlu'r re'acdioiis wliich are di.s- 
cussed elsf'wlu're. Drastic ])yrolysis of dipluaiyl disuhidc' causes dis- 
pi* 0 ])ortionation. 

CelhvSCrdlf, + CV,ITr--S- S-R-C JI5 

Th(' {‘ase of re'duction of disultides and the {'as(' of tlu'ir formation 
from sulfliydryl (‘ompounds find an im])ortant (‘xamph' in natiir(‘ in tlie 
n'versibk^ oxidat ion-]*(*duclion syste'in (lik(^ (luiiione-hydroquiiioiK*) cys- 
tine-cysteine (]). 1131). 

I ct al., Aiiti., 507, 111 (1933); Bcr., 67, ir>45 (1934); Xatura'is.scti.srha/tcfi, 
24, 391 (1933). 

ScliilkT and Otto, 9, ir,37 (ISTCO: Pauly and Otto, Hrr,, 11, 3070, 307;', (1S7S); 
Otto and Ixossuifi;, Jirr., 20, 1S9 (1SS7); Prico and 'i’wiss, ./, ('hcin. Sue., 97, 1175 (1910): 
I'roinni and Foihtc'r, A rut., 394, 33S (1913) ; d'oennicvs and Lavinc, ./. Btol. ('hem., 113, 571 
7S3 (193(i). 

Btr., 43, 1S71 (1910). 



86 ^ 


ORGANIC CHEMISTRY 


V. POLYSULFIDES 
General Characteristics 

The trisiilfides (RS3R), ieirasiilfides (RS4R), and pentasulfid(\s 
(RS5R) have no analogs among oxygen compounds.* Their reactions 
can be explained by assuming that they are not individual comj)ounds 
but equilibrium mixtures of disulfid(\s and polysulfides, an assumption 
which may seem justifi(id by tlioir case of in t(a*con version. However, 
j)arachor and viscosity measurements indicate that trisulfithis, 
tetrasulfides, and p(‘ni-asulfides are d('finit(‘ (‘ompounds and that tlu‘ir 
structures all contain thn^e sulfur atoms in a linear ai'rangement. 

S 

t 

R— S— S— R— R R— S— S— S— R 

Trisulfidee 

s 

or 

S R— S— S— S— R 

t 

R — S — S — S — R S S 

Tf'trns iilfides Pentas ill 11(1 es 

The polysulfides have not IxHai so compl(‘t,(^ly sf-udi(^d as the otlK^r 
types of sulfur (*onii)ounds jireviously discussed. Dimcithyl t(‘.trasul- 
fide is said to hav(' a highly n^pulsive odor. 

Preparation 

From Sulfhydryl Compounds. The reaction of sulfur chloride (SuClo) 
with mercaptans or thioph(aiols is geiuu'allj^ us(^d for the pr*(‘])aration of 
tetrasulfides If the reaction is carried out in the presence of fr(‘e 

sulfur in carbon disulfide solution a pentasulfide is obtained. 

> RS4R 

2RSH -f- S2CI2 ^ 

— T -> RS5R 

jii CS2 

* The fact that sulfur has a greater tendeiK'y to combine with itself than doi^s oxygen 
is shown by a comparison of the free elements. Whcu'cns oxygem exists as O 2 , or in a 
inetastable form as O 3 , sulfur in solution or in the vapor state is Sh. 

Baroni, Attl accad. Lined, 14 , 28 (1981) [(/. A., 26 , 1890 (19:32)J. 

Bezzi, Gazz. chim. itaL, 66 , 098 (1985); ibid., 65 , 704 (1985). 

Clacsson, J. prakt. Chnn., [2] 15 , 214 (1877) ; Bcr , 20 , 8418 (1887). 

{a) Smythc and Forster, ,/. Che.in. Soc., 97, 1195 (1910); (h) 'JVogor and Ilornung, 
J. prakt. Chem., [ 2160 , 118 (1899); (c) Chakravarti, J. (linn. Sue., 123 , 901 (1928); ((/) 
Twiss. J. Am. Chem. Boc., 49 , 491 (1927). 

Levi and Baroni, Atti accad. Lined, [0] 9 , 772 (1929) [C. A., 23 , 4927 (1929)]. 
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Thionyl chloride and sulfuryl chloride give several i)roducts, 
including disulfides and trisulfides, when they are allowed to react with 
sulfhydryl compounds. Totrasulfidcs are also produced in reactions in 
whi(di sulfuryl chloride is used. The reaction of thionyl aniline with 
p-thiocresol gives p-t.olyltrisulfide and aniline. 

From Organic Sulfides, Disulfides, and Polysulfides. Organic sul- 
fides do not react n^adily with elementary sulfur. For example, ethyl 
sulfide is unchanged after heating with sulfur for four days at 150°. 
Under more drastic conditions the disulfide; and polysulfides are formed. 


(CJ-DiS + s 


1K0° 
— - ■> 
21 hr8. 


cjT,ssci,ri, 


+ CJIAC-Jh + + C,HS,C4\, 


The disulfides, in contrast to the sulfides, n^acl I'c^adily with sulfur or 
nu‘tal j)olysulfides and may b(i converted to trisulfid(‘s,’^'“^ tetrasultides/^’*' 
or jK'ntasulfides.^^’^ Under similar conditions trisulfides iind t(dra- 
MilfidchS may Ix' conver ted to pen tasulf ides. The redaction ai)p(^ars to be 
catalyzed by amrnonia.^^^ 

RS2II + S - ^ RS3R •-> KS4R 7tSr>R 
N 113 

Trisulfid(‘s may 1)(‘. obtained from t(‘trasulfides and i)entasulfides 
liy revea’sing the aJxm^ r(‘a(*tion by distillation. 


(dI, 84 Cll, S T CllyS/d]., 

I)l8t ll 

CnaSsCIT;, > 2.S + CllaBsCUU 

From Sodium Polysulfides. Alkyl sulfates or alkyl halides give 
alkyl j)olysu1fides wlu'u alluw('d to react with sodium or [)olassiurn poly- 
sulfak's. Since' the latter are mixturt's, the organic jjroducts deiiv('d 
from tlu'm an; also mixtures, but it. has bec'u reported that pentasulfides 
lu.'iy be obtained by this method."*'’ 

2RN T Na 2 b 5 — ^ 2XaN T RiS^R 

U.iliiilx'rn, Ann.. 369, SI (l'.U)S). 

'l';ir<kor :uut Joiu'.s. ./. Chriii. Soc., 95, ItUd (I•K)^I). 

Ilolmlx'it:, 43, 2U0 

Kott^i^ci, .1//^/., 223, ins (1SS4). 

‘'•n ./. prakt. ('firm., [2] 15, 19l> US77); Bull. sue. chnn., [2] 25, 80 (1870). 

'■* .Muller, J. piakt. ('hem., 12| 4, .SO (1871). 

Ilolinher^, 43, 220 (1910). 

Levi and Baroni, Altt accad. IJncci, 9, 903 (1929) [(\ A., 23, 5158 (1929)]. 

Ktreckcr, Bcr., 41, 1105 (190S). 

Riding and 'rhomas, J. Cham. Soc., 123, 3271 (1923) ; ih^d., 125, 2214, 2400 (1924). 
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‘^Thiokols’^ ar(' pol^anf'ric^ liiK^ar polysulfidcs prepared by the reaction 
of dilialid(\s with scxliuin t('< rasiilftde. “Thiokol A/’ for (^xampk^, is 
])oIyelliylen(‘ tel rasiilfide ()l)tain(^d from ethyl(Mie chloride and sodium 
tetrasulfide, in Ui(‘ jun^setice of inaj2;nesium hydroxide. 


C\C\hCU,C\ d- Na.S4 -'''A --AdIAdJ284(CdIAdJ.S4).CHoClToS4— 

“'J'luokol A” 

The product isobtaiiu'd in tlie form of microscoi)ic spherical part^cl(^s 
which (*an ))e washed by d(H*anta<ion and whi(‘h will nmiain for some 
lime as a susjKMision similar to latex. ( A)aIc‘S(*('n(*x', brought al)oul by 
a(*idin(‘aiion, gi\’(‘s a rubbeay mass vviiich can be milk'd, (‘-ompounded, 
vulcaniz('d using an aecek'rator, and in gcau'r’al tnaited like ruldx'r. 
Th(^ ])ro])erti(‘s of th(‘ product may b(' vari(‘d l)y re])lacing all or part of 
tlK‘ (‘tliyl(‘n(' chloiidc* by d,i^^-dichlorodi('thyl ('tlua* and by d(x*rcaxsing tlu^ 
sulfur conttait by ti‘(‘aling tlu^ polynua* with sodium sulfid(‘. Though 
tli(‘ thiokols r(‘S(‘ni])le iialural rubber in app(‘ara.n(*e and Ix^havior, tlaw 
do not. sw('ll or soft.('n in tlu' ))r(‘sc‘nc(' of hydro(‘arbon solvents and 
thc'ix'fore are used in j)lac(‘ of natural ru 1 )ber when n'sistance to gasolines 
or oth('r organic, compounds is iin])ortant. 

Other Methods. TIk' n'action of sulfur chloride (S2(1i>) with 
phenylmagiu'sium bromide giv(‘s ])h('nyl sultidi', i)lH'nyl disuhidc*, ]:)h('Tiyl 
trisuHid(‘, i)h(‘nyl ted i-asulfi(h‘, chlorobcaizeau', and di])lK‘nyl. Sulfiu* 
dioxide and hydrogeai cliloride' produce Ix'iizyl disulfide' and benzyl 
trisuliide from Ix'iizyl m('i*ca])tan. Pyrolysis of a disulfides (p. SOd) gi\es 
a sulfide and a trisulfide'. 

Reactions 

The' aeldition and Ie)ss e)f sulfur, de'scribexl above*, are' tbe^ most char- 
acteristie* reax'tions of ])e)ly sulfide's. (Oxidizing age'iits ])rexluee' 

sulfonie* and sulfurie* ae*iels fremi ])e)lysulfide\s. TJie' ae'tion of io(^rcury on 
a trisulfide re'ine>ve‘S erne' of Ihe^ sulfur ate)iiis, ])re)dueang a disulfide'.^’"* 

e.'ierick, 7'rfins. Fardrldij Soc., 32, oXT (laaCn. 

^^^Feiraiu) aiul Vmay, Hull, sur chun., 7, 5JS (1910). 

Sinytho, ,/. Chtm. Soc., 105, 540 (1914;. 
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VI. SULFONIUM COMPOUNDS 


General Characteristics 

The sulforiium eonipoiiiids * resenil)le (iiiatoniary ammonium com- 
j)ounds in many rospc'cts. Tlie Udrahedral configuration of the sulfur 
atom, with an unshared el(H*ti-on i)air at one ])()int of tlu' tetrahedron, is 
shown by the resolution of unsymnu'trical sulfoniurn salts (p. 119). Tlu^ 
salts ar('. (uystalline solids which dissolve in water givmig neutral solu- 
tions. The sulfonium hydroxides arc strong bases. 


Preparation 


From Sulfides. Tlu' reaction of alkyl sulfides with alkyl halides 
(xreurs slowly at room t(Mni)erature l)ut more ]'(.‘adily u]xjn heating.^'- 
The reaction is of tlui second order. Treatment of die trialkylsulfo- 
niurn halide with moist silver oxide or with silver nitrate produces the 
sulfonium hydroxide or nitrabi. 




R 


R--S- 

—11 + nx -> 

]{- S-R, 

X “ - 


Moist 

> 

ApcoO 

AkNOs 
> 


R,S-^0]I- + AgX 


R;iS-» NO3-' + AgX 


Alkyl sulfates, l)ut not alkyl luilkk's,*'** rea^t with alkyl aryl sulfid(‘s or 
with diaryl sulfidi's to giv(' sulfonium salts. 

From Disulfides. The r(‘aclion of alkyl halides with disulfides is 
exlrenu'ly slow without a catalyst but occnirs readily and giv(‘S 

good yields of sulfonium salts in the ])resence of such catalysts as mer- 
curic iodide oi’ huTic chloride. 

TlfrU 

USSR -f" *tttr 2Ra8 'Hgb + I 2 

it has been postulat('d that the initial reaction is the addition of alkyl 
halid(' to the disulfide and that the final product is the r(\sult of a series 
of reactions shown below. 

* Those lire kiK^wn !is “s\iIfinos” (“SuirinvorhiivluiiRoii”) in the older litorntiiro, hnt 
tills iiaiut' i.s inisleatiiiiK tuuco it sugf^ost.s a ivstMiibhince to aiuimi& ral.hcr than to anuuoiiiuin 
i‘oiu|>oini<l». 

Oi'fole, Ann., 132, S2 (1S<14) ; ('aliours, Ann., 135, 3,55 (IS05I. 

(iarrai',' 1 , Gazz. rliiin. Hat., 24, i, 170 (1,S<)4). 

Kehrinaini aiitl Dutlonhofcr. lUr., 38,4197 (1905); Ihr.,39, :!.559 (1900); (h) 
Kclirmann and .Sava, Bvr., 45, 2,S9.5 (1912). 

Davios, Bit., 24, 254Sb (1891) ; Hildttc.h and Sinilos, .T. Chrm. Soc., 91, 1394 (1907). 
(a) Hteinkopf and MUllor, Bcr., 56, 1926 (1923); (5) H.aas and Dougherty. J. Am 
f'hem. Soc., 62, 1004 (1940). 
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-..-S— li + ll'I + Tlgla 
‘R-S— S-R 
R 


R— S-SR 

I 

ir 


I-HgT2 


+ 

I- Hgl. - > HSl + ^>S-HTgl2 
R 


RSI + R'l -> RSR' + I 2 


R'n 


R' 


R 


RSR' + 11 


S — ^llgl2 "R R'l 


\ , 

^ yS— A 


R 


/ 


5-4IgT2 


R'' 

1 

R-S 

1 

R' 


1-Hgl2 


Other Methods. Trialkylsulfoniiiin salts have Ixh'h im'panal by tlir 
n'aciion of an oxc‘(‘Ss of alkyl halide wiili sulfur or inclallie sul- 
fide's su(*h as sodium sulfide*, eadmium sulfide, or arsenic. Irisulfide. 

Arylelia-lkylsulfonium sails are forine'd from flier i*(‘ae‘tje:)n of le^axl ukt- 
eapfiek's of tliioiilie'nols with alkyl sulfa.i(*s. Triaiylsulfemium sails may 
b(i obtained from ])h(‘nols oi' 1 he*ir etlie'rs by the* ae*fioii of ( 1 ) tbiejnyl 
chle)ride in the* pre'se'iu'e* e)f aluminum (•lile)ri(l(*, ( 2 ) an ju’eimalie* sulf- 
oxide*, ()]• (o) a sulfinie* add in the* p]*e\s(‘U(*e of C()ne*(*ntrale‘d sulfinie* ae*id. 
Trime'tliylsulfonium iodide* is feirme'd fre>m flier j'e‘a-e*tiem eif tilthiofeirmal- 
dehyde with metliyl ioeliele* in a seaU'd tulie (p. 1)2S). 


Reactions of Sulfonium Salts 

Pyrolysis. Since* the* react iein eif an alkyl halide with an alkyl sulfiele 
is re'V(*rsible,^^^ distillaliem e>f a sulfonium salt gives the haliele and 
sulfide. 

, Distil 

lhiS+I~ -> KSR + RI 

The* I’eaction ocemrs readily; tliis may account feir the* eraser of conve*rsie)n 
e)f iinsymme*trie*al sulfonium salts tei mixturers e*e)ntaining the* symme*t rie*al 
salts. For e*xam])le*, trimethylsullonium ieielieler anel trierthylsulfeinium 
ieidiele are among the preielucts feirmeel by heating merthyldie*thylsul- 

Jin\, 10, 1S80 (1SS7) , Xliis.-soii mikI Kirkl:iii(l, J. ('hrni. Sue., 56, 185 (ISSl)). 
Kliiifj;or, Ii(r., 15, SSI (^ISS2). 

iitid XIhlissou, Am)., 252, 250 (ISSU). 

Siiiilcrf mid Proc. Phem. Sac., 24, 158 (lOOeJ); J. Chcru. Sac., 89, OOti 

(1900). 

Ray and Levine, J. Org. ('kcm., 2, 2ei7 (1987). 

]\ieadow and Reid, J. An). Chetn. JSoc., 66, 2177 (1934). 
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ionium iodide in acpieous solution. Alkyl in(('r(“hango has also been 
brought, about by heating a sidfonium salt with alcohol; at U10° 
tricthylsulfoniuni iodide in mc'thanol gives triinethylsulfonium iodide. 
Heating sulfonium salts with an excess of sodium sulfid(' producers dial- 
kyl sulfides;^** this may be due to the disproixa-tioiiation of the sulfo- 
nium sulfides. 

2(CIl3)3SH- --- > (((-113)38^)28--^ 3(0113)28 

Formation of Addition Compounds. SulfoniuiTi halides form addi- 
tion produets with salts of the heavy metals siieli as tlu* halid(‘s of 
copper, mercury, zim*, cadmium, mauG;a.uese, iron, tin, and ])lalimim. 
These same products are obtained by the reaction of an alkyl halide with 
salts formed from sulfid(\sd'^'^’ 

RsSn- RsS'flgT*- <-- R 28 ->Ilgl 2 

Sulfonium compounds are often isolated fi’om iH'a.ction mixtures as 
their addition j)roducts with heavy medal salts. Sulfonium salts giv(‘ 
crystalline addition prodmds with iodoform.^^^’ 

Reactions of Sulfonium Hydroxides 

Pyrolysis. The sulf(»nium hydi'oxid(‘s may Ix^ isolated from 

aciueous solutions liy eva.i>oration iimka- r(‘du('(‘d p]*(\ssin*e; th(‘y readily 
decompose, forming an olefin and a sullide. 

C0II5 

C^dhr-S- 

This reaction is similar to that obtaimxl by decomposition of quaUxTUiry 
ammonium base's. 

Basic Reactions. Tlu' sulfonium hydroxide's dissolve in wateT te) give 
solutions whie'h are as l)asic as aeiue‘e)us soelium or pe)tassium hydrox- 
ide. Salts are fe)rme'el by r('a.ctie)ii with acids; hydre>ge'n sulfide, for ex- 
a,m]do, produces sulfoiiiurn sulfide^s. 

2 RaSK)Il“ + TI2S (H;iS+) 2 S^ + 2H2O 

Putciii, Bull. soc. chin)., [a] 2, 150 O'^SO). 

HolTiih'.r and Rabi*, Z. nn^ctr, Clu'tn.^ 14, 1!95 (1SS7); thid., 17, 2e> (1898); Strom- 
h.)lin, />*(’?•., 31, 22S:i, 8285 ( 1S9S) ; Bcr., 33, 828 ( 1900) ; prakL ( hem,, [2] 66, 428 (1902) ; 
Uonsliaw and Simile, J, Ain. (dirm. Sue., 55, 4951 (1988). 

SinilcH, Chem. Soc., 77, 100 (1900). 

Bayc^r and Cler. iml. 97,207 [f7»cw. Znifr., II, 524 (1898)1. 

Ostwald, ])rakt. Cfivm., [2j 33, 8(>0 (1880). 

Z. anoni. (hem , 14, 802, :i0S (1897); Cdeavo, Huffhos, and Infold, J. Chem. 
Sor., 280 (1985). 

i«^Caliours, Ann., 136, 151 (1805). 


' -1 

()H“ ^ C^IIbSChlfb T CIl 2 =CI [2 + 1X211 
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SulfoTiium hydroxid<;s liberates ammenia from ammonium salts, form 
carboriat.fss by reaction ■with carbon dioxide of the air, and react with 
metallic aluminum with tins liberation of hydiogesn. 

VII. SULFOXIDES 


General Characteristics 

The sulfoxides * are odorl('.ss, rclativesly unstable compounds which 
d(‘compos(; ujion distillation at atmosph<‘ric ])rcssurc. Diaryl sulfoxides 
and dialkyl sulfoxides of faiily high molecular weight ai'e solids. The 
dialkyl sulfoxidess of low' molecular weight arc low'-melting solids (e.g., 
O 

T 

CoHnSCJoIIr,, m.p. 4-G°); they are solubles in water, alcohol, and ether. 

Th(' resolution of unsyinm('lri(‘al siilfoxid(\s (p. 421) shows the letra- 
hcdral strucUin* of the sulfur atom in these compounds. 

The following discaissioii will be limited to those compounds in whicli 
O 

T , 

the — S — group is attached to two (carbons. The so-(;alled disulfoxides 
O O () 

t t T 

(R — S — S — R or R — S — S — R) w'ill be considered later. 

i 

O 

Preparation 

By the Oxidation of Sulfides. The okh'st and most comition method 
for the pr(‘paratiou of sulfoxides is the oxidation of sulfides.*’*® 

0 

T 

R— S— R + 0 R— S— R 

Probably the best geiujral procedure *®* is the* addition of tlu; theoretical 
amount of 30 p(ir cent hydrogen peroxide to a solution of the sulfide in 

0 

1 

* It should bo noted that the R — S — {^roup is known as a sulfinyl group. For exam- 
I)le, ethyl sulfoxide may be called (‘thyl.sulfiuylethane [J\attersori, J. Am. Chnn. Soc., 65. 
3905 (1933)]. 3'his should not be confused with the convention in the older literature by 
which the sulfoniuin compounds are known as sulfines (Sulfinverbindungen; (p. 807). 
Saytzeff, Ann., 139 , 354 (1800); Ann., 144 , 148 (1807). 

(a) Gazdar and Smiles, J. Chem, >SV>c., 93 , 1834 (1908); (h) Hinsberg, Bcr., 43 , 289 
(1910). 
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glacial accUc acid or acetone; the reaction niixture is then allowed to 
stand at room temperature for one to six days. Other oxidizing ag('nls, 
such as nitric acid,'®^ chromic acid/®* hot aqueous potassium pc'rmanga- 
nate with acetic acid as a solvent for the sulfide/®*’ *®^ and perbenzoic. 
acid/®® may be used. 

By Hydrolysis of Dihalides of Sulfides. Many dichlorides and di- 
bromides of sulfides (p. SfiS) react wnth wa1.<'r“*’ ’®® to give sulfoxid(is. 
The hydrolysis may be carried out more readily with dilute alkali or, in 
the case of sidfidc diiodides, with silvc-r ac,(^t.ate. 

HOll 

>SBr 2 - >S-^0 + 2IIBr 

IV IV 

By the Friedel-Crafts Reaction. Diaryl sulfoxidi's may be ob- 
tained ^®* by the reaction of aromatic hydrocarbons with thionyl chloride 
in the prc'seuce of aluminum chloride. 

0 0 

T ’ T 

2ArII -1- Cl-S-Cl )■ ArSAr -b 21IC1 


It is reporb'd ’®'“ that sulfur dioxide may be used in j)lace of thionyl 
chloride. 

From the Grignard Reagent. Sulfoxah's are among the jwoducts 
obtained by the reaction of the Grignard reagent, with thionyl chlo- 
ride,^®®’ '®® alkyl sulfites,’®® or sulfonyl chlorides.*"® 

2RiMgX -b C1-8-C1 R— S-R + MgXa + MgCb 

i i 

0 0 

Bockinanii, ./. prakt. Chnn., [2] 17, 441 (1S7S) ; Grahowt’iky, Ann., 175, 34S (1875j 
Knoll, ./. prakt. Chi m., 113, 40 (1020), 

Otto, />Vr., 13, 1272 (ISSO). 

Lewiii, J. prakt. Chian., 119, 211 (192S) 

Fromm, Z. angvw. Chnn., 24, 1125 (1911). 

(a) Colby find McLouKhliii, Bcr., 20, 195 (1887); (h) Parker, Brr., 23, 1844 flSOO) 
ic) Smiles and lliltlitch, Proc. Chnn. Soc., 23, 1(>1 (1907); (d) Smdes and Bain, J. Chrm 
Sac., 91, 1118 (1907); (r) Schonber^, Brr., 66, 2275 (1923). 

Grignard and Zorn, Conipt. rnid., 160, 1177 (1910); Bert, 178, 182G (1924). 

^»»Strerker, Bn., 43, 1131 (1910). 

Hepworth and Ciaphain, Chcm, Boc., 119, 1188 (1921). 
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Reactions 

With Acids. The sulfoxides are slightly basic.^" They are more 
solul)Ie in aciueous acid than in waier, and treatment with hydrochloric 
or nitric acids may R'ive isolablc^ salts. For ('xamidc, when nitric acid 
is used foi- the oxidation of a sidfide to a sulfoxide, the product is the 
nitrate of t,h(' sulfoxide'. Tix'at.ment of these salts with alkali, or in some 
cases with watci', i)roduc('S tlue sulfoxides. 


It 

It 


>.S->0 + UNO, 


R 


R 


>S->()HNO.t 


The structure of these' salts is neet de'finite'ly esteiblished. The proton 
frenn the' aeid mif?ht be'eanne' attaeiie-d te) the misliai’e'el jeair of the sulfur 
e)r of the' oxyKe'n; tlic preeehu'ls e-eeulel theie'feere have' either stmeiture A 
or B or e'ould be a mixture' eef the'se two tautomers. 


- R. - 

-1 

- R 


No.r 

:S:():n 

- ii " - 


- R " .. 


A li 


With hydrofjen bromide; eer hyelre){>:e'n iodide; tbe sulfeexides give' 
products ideailical with tho.se eebtained by the addition of 

haleegens to alkyl sulfide's (j). S.oS). 

RaS-vQ + 21115r R.S Bro + IbO 


With alcediedie; hyelre)}>:e;n clilenide' at H)l)“ in a seeile'eJ tube, sulf- 
oxides maj' be re;due'ed to tlie sulhde or may muh'rgej hs.sion. 


O 

t 

RSR 


O 

T 

Cdln^cyiii 


Alcnliolic ne'l 

lOO' 


-> RHll 


O 


Al.clioljr- IIC'l !l 

- jeio" CdbiSII + Cd-RCn 


With Reducing Agents. Sulfeexiek's are' re'aelily converted tee sulfieie'S 
by reductieen. Zinc anel aci'lic ae'id are j)re)bably the' ine>st. 

satislaedory rc'agents feer this j-eaction, but hydi-iodic ae;id,‘®- phospheeriis 

Finzi, (lazz. rJiii/i. ItaL, 46, IT, lSf» 

in) f romiii <7 al., Ann., 396, 7S ; (h) Hofmann and /irr., 40, 4930 (1907). 

Smythc, J. ('hem. Soc., 95, .349 (1909); (h) Gazclar and Smiles, ihid., 97, 225(1 
(.1910) ; (c) HildiU'h. Ber., 44, 3583 (1911). 
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pcntachloridc/®- and hydroson chloride (see preceding paragra]-)!)) 
may also produce sulfides. 


^ \ 2II 

>S-^0 — > RSR + HzO 
IV 


With Aqueous Chlorine. C'hlorination of sulfoxides in the presence 
of wafer caus('s cleavage”® of the sulfur-carbon link, giving sulfonyl 
chlorides and alkyl chloride's. 


O 

T 

CaH.— S-C4TI9 + 2Cn2 + HoO CJIaSOoCl + (lilT.Cl + 2TICI 


Other Reactions. Oxidation of siilfoxid(‘s occurs readily, f>;ivinp; siil- 
foiK's (]). S 7 !)• Sulfoxides form addition ))rodu(‘ts with ferri(‘ (‘hlorule.-^^-'' 
l)i[)li(myl sulfoxid('. is dehydrated by so(L‘imid(\ givin^z; dibenzothio- 
])hened'‘''' 

0 



It is of much lheoretic‘al int(a*<^st to know wliether the sulfoxide 

cn 

siructure \ — S -/ may influcaice the reactivity of adjacent substituents 
in th(‘ sam(‘ way as common unsaturat(‘d groui)^ hifhu'nce tlu' n'aclivity. 
Idle full explanation of this (|U(‘stion will 1 k‘ givcai in the disiaission of 
sulfones and ihi) nvsiilts of the study of sulfoxidi's will be summarized 
at that point. 


VIII, SULFONES 

General Characteristics 

INlonosulfones which contain no other functional group are colorless, 
odorless, neutral compounds and aix*, usually solids at room banpi'rat urc 
(c.g., dimethyl sulfone, m.p. 100°). They are c'xtremely stable both 
toward chemical nxigent-s and toward pyrolysis; for exanipUs di-p-tolyl 
•sulfone (m.p. 158°) boils at- 405° without dcHHimi^osition. The sulfoiu's 
low molc'cular weight are (init (3 soluble in water. 
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Preparation 

By Oxidation of Sulfides and Sulfoxides. Since the sulfides are 
readily availahle and the m(d.hods for their oxidation are excellent, they 
are jjrobably the most genei’al soutxie of sulfones.*”'* Stilfoxides are also 
1 ‘eadily oxidiz('d but, since ihey are also made Irom sulfides, are seldom 
used as starting materials in sulfone syntlui.ses. 

Hydrogen j)('i-oxid(j (30 pcT (tent aqueous solution) is a very 

satisfactory n'ageut foj' (lie oxidation of sulfides ai>d sulfoxidt's to sulf- 
ones. Acetone or ac,('tic acid are usually (‘mi)loyed as solvents, and in 
some cases bc'tt er yields have been ol)t ained by using a sohamt mix- 
ture of acetic, acid and acetic anhydride. Oxidation is often exothermic 
and the reaction mixture may reciuire cooling at. first; it may tluni be; 
allow('d to stand at room temi)era(ure until oxidation is complete. 

0 

1 

R— S— R R— S— R 

i 

0 

0 o 

t O T 
R— 8— R R-S— R 

1 

O 

Poiassiimi pernian^anato and chromic acid an^ also salisfac'iorv 
n'a^eiils for the oxidation of sulfid(‘s to sulfoncs, and some oxidations 
have becai carried out usin^ pca-benzoic acid."‘^^ 

By the Action of Alkylating Agents on Salts of Sulfinic Acids. Tli(‘ 
salts of both aliphatic and aromatic sulfinic a(*ids react with alky alin^ 
agents to give siilfones."^^ 

0 

T 

*4" liA. It — “S — It “b 

I 

o 

The reaction is limiU^d to alkyl halides, sulfates, et(j., and to activated 

204 V. Oofelt', Ann., 132, 80 (1804). 

20^ (a) ]\Hnmerer, Bcr., 43, 1407 (1910) ; {b) PoiiKMaiitz and ( 'Onnor, J. Ain. Chein. Hoc. 
61, .3380 (1939). 

200 Bust, Turner, and Norton, J. Am. Ch&rn. Hoc., 64, 1980 (1932). 

207 Shriller, Stniek, and Jori.son, ibid., 62, 2000 (1930). 

208 Lewin, J. prakt. Chem., 118, 282 (1928). 

209 Otto, Ber., 13. 1272 (1880). 
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aromfilic halides, such as e- aud 7>ui1rochl()f()hoiizene. Though the re- 
action is usually satisfatilory it should he ]«)inte(l out that the sulfiuatc's 
a.i-(( generally not so reactive in metathesis as are th(^ mercaptides; oc- 
casionally the sidfinaU's are unreactiAe with halides which will react 
with m('rcaj)tid('s. Tertiary halides appanaitly do not give sulfones 
by this method. 

(\)mponnds sn(‘h as ethyl «-chloroaceloacelate, ethyl chloromalo- 
n.'ite, diac('ty]chlorometha.ne, and dibromobaiLituric acid which contain 
“positive” halogen cause oxidation ol sulfinates, as well as of mer- 

captides (p. 85-1). 

ONa 

I 

()=-C— C— 

I li 

llSOaNa + XCll PvSO^X + (^II 

1 I 

()=C - 

( nnipoiiiids with two Iuilog(‘ns on th(' sanu^ carhou atom do not ^iv(^ 
(li^ulfon(‘s/‘^'^’ tlu‘ initial i)rodn(’t of this r(‘a(‘lion is an o-lialo- 
^ulfoii(‘, I’ailun' to obtain a. disulfone is in ai^nHanent ^^itll tlu' known be- 
lun'ior of a-lironiosulfoiK's (j). SS2). 

By the Friedel-Crafts Reaction. Diaryl sulfones are obtained by 
lh(‘ i‘(‘a.ction of sulfonyl ehlorides with a,roniatic eoinpounds in tlie 
})i-(‘st‘ne(' of aluniinuni ehloi’kh^-'" 

0 

( ' T 

KSO.Cl + Aril b- S -Ar HCl 

i 

() 


By Reactions of Olefins with Sulfur Dioxide. Thv r(*action of ntono- 
olrtins with sulfur dioxi(l(‘ ^ives lin(‘ar })olysulfones, whidi are d('scrib(Hj 
in detail (ds(‘wh(‘re (p. TOr)). 


Nc:^c<^ + 802 


-(t-C-S02~(tt-(^-802)„ - C-C~S02— 


Otto and Kos.sinfj:, Her,, 23, 7r)(> (ISIH)) ; Kohler and MacDonald, dm. Chem, J., 22, 

227 fismn. 

Michael and I’a, liner, Atn. (lu iti. 6, liha Otto and Eiigelhardt, Z?cr., 19, 

hsar, (hsst;); otto, />^/^, 21 , ()5s (isstn. 

"^Mieeknrts and Otto, /icr., 11, L>(Hi() {1S7S1; Olivier, /or. irav. chim., 33, 244 (1914), 
^'hrvi, WrckJilad, 11, 372 (1914) \(\ d., 10, 199 (1919)1; Kiiezyn.du, Kuczyiihki, and 
•^vieharda, Rucztuki Chem., 18, 925 (193S) \(\ d., 34, 3249 (1940)]. 



876 


okgantc chemistry 


Wil,h conjugated diolefins 1,4-additiori occurs with tlu^ formation of 
cyclic monotm'ric sulfoncs. The addition product from isoprenc giv(‘s 
an ocpii librium mixture of unsaturated sidfones on tn'atment with 
alkali. 


Clhi-C 

CH2 


CII 

cm— c — - cn 

ll + S02 — 

-> 1 1 

c:ii2 

CH2 Clf: 



O 0 


C- - CII 2 

CHii— cn CII 

li i <-^ 

1 II 

Clf cm 

CII 2 Cll 

\y / 




0 0 

0 0 


The monomeric sulfone from butadiene gives th(> diene upon heating; 
this has Ix'en applied to the j)urifi(\‘it ion c^f buta.di('ne."‘^ 


CII-- Cli 

I I 

C\h CIT2 


soo + C11..-C11— c'ii=c:ii2 


St)2 

Other Methods. TIk' {m'parntion of sulfoiu's }>y additioTi of siilfinic 
acids to coiijup;at'(Hl systems will )h‘ discussc'd la.t('r (p. !)1S). I)iaryl 
siilfojios liavo ol)ta,iTi(‘(i by tli(‘ action oi idiosplioiais })oiiloxide on 
a mixtui'(' of sulfonic acid and aromatic h^xlrocarlx)!!. 

0 

T 

ArSOall + ArH + i\(h 2T1P()3 + Ar— S— Ar 

1 

O 

Sulfoncs arc usually by-products of t.lu‘ sulfonataon of aroma-tic hydro- 
carbons. They a])p(‘ar to l>e form(‘d ])y the 'iction of S^Oo 
hydrocarbon a-nd not, in this case, l)y condcaisa-t ion ot thi^ stilloni(* acid 
with the hydrocarbon. Sulfoncs have also Ixhui obtain(‘d by the dircad 

Backer and Stratinj;, Ntr. frav. cfiirn., 53, r>J5 (iaa4) , 54, 170, (US (lasr)); 

B<')Csoken and van Zuydcvvijn, Pmr. Acad. Sri. ( Am.slrnhi/H ) , 40, 24 (1947) \(S A., 31, 
4953 (1937)]; van Zuydewijn, A'tr. tiar. r/mti., 56, 1047 (19i^7) , Alder, Hicki'i t, and W inde- 
iiiuth, Bcr\, 71, 2451 (194S). 

Standinpier and lOtz(*n1-haler, Brr., 68, 455 (1935); .JohiLson, Jobhnji;, and BodaiiitM 
J. Am. Chem. Soc., 63, 144 (1941). 

Mi(4iael and Adair, Brr , 10, 5S3 (1S77) ; 11, IIG (1S7S). 

216 ^lif.jiael and Werner, J. Am. OV/cm. Soc., 58, 294 (1936). 
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action of sulfur trioxido or chlorosulfoiiic acid upon aromatic 
compounds. 

Reactions of Simple Sulfones 

This section will be limited to a consideration of the reactions of 
rnonosulfoiu's which contain no other functional grouj). The reactions 
of disulfones and of subsiitut(‘d sulfones may be considerably different 
from those of simple monosulfones and will be discussed in anothc'r 
s('ction. 

With Reducing Agents. In contrast to the sulfoxides, th(^ sulfones 
are stal)l(^ toward most. r(‘du(‘iug agents. Diphenyl sulfonc is im- 
clta,ng(‘d by ti’catment, with phos])horus at. 250° and can be distilled \m- 
changc'd from zim*. dust. Keaction of diph(*nyl sulfones with sodium 
in hot. xylene gives Inphenyl and sodium beiizcnesulfiuate. 

0 

T 

2 CfiHv-S— CJU + 2 Na - 2(;6H5S02\a + CrafiCoIIs 

1 

(.) 

Sorno sulfoiH's arc reduced to sulfidi's Ity the action of sulfur, but the 
reaction is ai){)aren(ly not general."”'’"*' 

T 

CclU-S— CrJIs + S - ' CfillB— S-Ccll5 + S ()2 

1 

o 

With Alkali. Tin' sim])l(' sulfones do not n'net with aqueous alkali 
nmk'r ordinary conditions liut- are (‘leaved-’ at liigh t(‘mperatinTs 
Dia.ryl sulfones yu'ld jiroducts diffenait from those' obtained from dial- 
k}'l sulfoiK'S (]). 1850). The alkaline fusion of sulfoiu's aiipeiars to be a 
comj)l('x reaction giving, in the (*ase of diiihenyl sulfone,-- biphenyl and 
])lu'nol. 

0 

T 

CcIIb- 8 -Cello + KOII — ™-> CgIIo— C ello + K2SO3 + CelloOH 

1 
o 

Zorn and Bninol, Corvpf. rciuL, 119, 1224 (1894). 

llllniann and Korsclt, lirr.y 40, (>41 (1907). 

KrafTt and Vorslor, Her., 26, 28i:-J (^1893). 

220 luc. {far. cliim., 30, 1157 (1911). 

— ‘ IVntori and Infold, J. (Itvtfi. Sac., 2338 (1929). 

Otto, Her., 19 , 2125 (iSSC)). 
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Smooth cleava^i;es of aryl siilfonos under mild conditions arc accom- 
plished by treatment with sodamide and piperidine. Dialkyl sulfonc's 
are unchanged under 11i('S(‘ conditions. Diaryl sulfones or alkyl aryl 
sulfoncs give N-arylpiperidiiu'. and the salt of a sulfini(* a(*id. 

0 

T 

Celb— S--CoH, + NaNII, + IIN(CID>), -> CJI,N(CID)6 + CcHtSO.Na + NH^ 

1 

O 

0 

T 

CeHfi— S— CTIn + NaNII. -f TIN(CTT..)i. Cr.IbN(CTI,)5 + CTT,SO.Na + NTI, 

1 

O 

0 

1 

CfJT(,CII. - S CriA'JTfc no react ion 

1 

O 

Other Reactions. Phosphorus ixmtachloridt' usually do(‘S not naud 
with sulfones, but dinaphthyl sulfoiH^ is (•onv(‘rt(‘d at high b'lnpera- 
tiires to th(^ sulfonyl (*hlo]‘id(‘ and chloronaphtliakaie. 

Cioib-sOs-choiiT + PCb-> (huii7S02Ci -H (hnibci + r(i, 

Highly methylated diaryl sulfoiu's ar(‘ hydroly/aH to hy(h‘ 0 (‘arl)ons ])y 
th(‘ action of coiuaaitralt'd hydrochloiit* a(*id in a sc^akal tube. Hot (‘on- 
(•('iitrated sulfuric acid may giv(‘ th(' sulfonic a(*i(l. 

Cone IK’l 

0 I — - - > 2 ArIl -f- II2SO.1 

(Scaled IuIm') 

Ar — S — Ar- 

1 TT‘,S 04 

O > ArSOiJI + ArH 

Ult)!, coiir ) 

Th(' reaction of sulfones with tlu^ (h-ignard reagent is discuss(‘d laba' 

(p. 881). 

Cka’tain sulfones give* novi'l rearrangtancait- and sulfonyl intiMTliange 
reactions which are illustrat.(‘d Ix'low. Alorc' com])let(‘ jevit'ws of this 
subj(X*t may be found elstnvhere.-'^^ Some of tlu'sc' naiclions are rever- 
sible.-27 

223 Bradley, .7. Chvvi, Soc., 458 (H)dS). 

22"^ Cleve, BuU. .soc. chlm., [2J 26, 250 (1876). 

225 Jacnbseii, />Vt., 20, 900 (1887). 

Ann. Be ports Btnni. Boc. (Lon don), 36, 197 (1939). 

22 ^ Coats and Gibson, J. Chcm. Boc., 442 (1910). 
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RSO,riI(SR)COCIl 3 + R'SOoNa 


R'SOoCJI(SK)COCll3 + RSOaNa 




-NOo + 


HSOaNa 


jN 0*2 
SOoTI 



Influence of a Sulfone Group upon Other Atoms and Groups 

In tlH‘ j^n^codin^ sc'clion Iho r(‘acIions which were considered caused 
all('ralion of 11 k' suIIoik' function. following discussion will be d('~ 

V()U‘d to thos(^ ^'actions of sulfone^s which ar(‘ du(‘ to the infliKuice of 
the sulfone p'oup U])on th(‘ r(‘st of th(‘ niohaaile. Th(‘ r(‘actions of simple 
sulfon(‘S which may be attribut(‘d to activation of hydrogen by the sul- 
ione gTOUj) will 1)0 included, ))ut all oUku- cuvses will involve substilut(*d 
sulfones, iiichulinpi: p'olysulfoiK's. 

Influence upon Hydrogen. In considiaing the oxidation of a sulfide 
to a sulfoxide or a sulfones it would seean that ac(|uisition l)y a neaitral 
oxygen atom of a share* in two e*le‘ctre)ns freim sulfur we)ulel re‘sult in 
a fractional negative* c'harge* ein oxyge‘n anel a ceirrespeineling peisitive 
ediarge * on sulfur. Tliat is, sulfur be'ceimes the* positive* enel e>f the* dipole. 

(K> 

t.'" T*' 

R--S— R - -> H -S- U ---> R--S- R 

UJ- 


As a r(‘sult llio sulfur should oxei’t a ooiisidorahlc olc'ctron attraction 
and facilitate lemoval of a j)rot.oii from an adjaccait carbon. 


O 

T.' 


II 


R— S -C— 


0^ 

o 


As ('xplainc-d cIscwIku'c (C’haptt'r 25), an eflVctivc group for jirototroiHC 

* The symbols 5"' and 5 ’ arc used licie, in conformity with Chapter 25, to distinguish 
iiaclional charges from integral (-f- and — ) charges. 
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changes not only must hav(^ a strong clf'ctron attraction but also must 
provide; a suitable' se-at feer the; chai-ge* e>n the; anion. The; e;nolizatie)n 
of a carbonyl e;e)mpoemd is an example' of pre)totropy in a syKt-e;m ful- 
filling both the;sc re'eiuireme'nts. 


H 


c'bC: :(') TI+ + 

1 i • • 

— C:C: :() 


i 

1 

C::C:b: 

i 1 

L 1 1 -1 


L 

1 1 * * 


a 7 MoBoiupiic aiJions 

--C::C:0:H 


lOiiol 


The ce)rre'S])e)nding /3- and 7 -a(oins in sulfone's are' ceainecled by a single 
pair of e'lectrons, and (he anions are (he're'fore ditTere'ut. fre)m the)se pic- 
lure'el above. 


H 


O 


t .. 

C:S:(): 


R 

P y 



() 


O 


.. T .. 


t .. 

H+ + 

- (wSsj; 

1 1 •• 


- C::S:<): 


1 1 

R 


R 


it 

0 


— ( 


T .. 

Srorll 


R 


One of the formuhis of the anions has an iinsharc'd ('lectti'on ])air on cai- 
bon, and the oUu'r r(‘(|uires that sulfur (‘Xpand its vakaiec* sliell to t,(^n 
(dectrons.* It will be shown Ixdow that anions deriv(‘d from the sulfonc's 
may b(^ formed. These will \)v re])j(‘sented by noneonmiittal formulas 
sinee it ai)i)ears that ludtlKT of the alternative^ eleetronie*. formulas is 
universally a(*eept(‘d. Kegardk'ss of the ojnnion eonee^rning this strue- 
turn it must be con(!('d('d that, the sulfone group is an (d(‘eti*on--att raeting 
( + 1) group t with l(‘ss tendeaiey than other such labilizing grou])s 
(X"=0, — C=N, — NOo, etc.) to undc'rgo polarization f (E eff(‘(*t., 
p. 1847). 

* For a more fli'tiiiled discussion sec Shrinor, Struck, and Jorison, J. A in. Ch(t}t. Ncr , 
52, 20()() (1930;; Gibson, ('hem. Rev., 14, 431 (1934); Aindt and Martins, Ann., 499, 23S 
(1932). 

t In otlier wordvS the sulfone group increases the acidity because it facilitates th(‘ 
removal of a proton but it has no great tendcnc 3 ^ to participate in enoli/ation. 3’lie justili- 
ration of this viewpoint is discussed by Arndt and Maitius (/oc. cit.). A (‘oncise summary 
is given in Ailh. Rtjtit;. ('hem. Soc. (London), 31, 193 (1934;. Fhe terms I and E effects 
are used in the same sense as in ( -hapter 25. 
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From the above coiisickiration it may be said that differences between 
the siilfone group and the olher labilizing groups in their activation of 
liydrogen in llie a-i)ositiou will be due to the following: (1) the high 
electron attraction of Ihe sulfone group; (2) the failun^ of the sulfoiu^ 
group to provide' a suitable^ seat for the charge on the anion; (3) the no 
(^(^ssity in many (*jise's for the sulfones to react by diffe'rent reaction 
mechanisms. This third diflei-ence arises from the fact that the sulfone 
group does not contain a. normal covalent double bond; thc'iofoi’e, re- 
actions involving jrre'liimnary addition to an unsatui’ated function would 
r’cciuirc', in this case', e^xpatisiern e)f the vale'rrce' she'll e)f sulfur. Though 
this perssibility cannot be ]’e\je'cteel the tendeaicy fen* the sulfemei to 
r('act in (his way weruld at- le'ast be', eonsiele'r’alily eliffereait frerm the^ tend- 
('tH'y e)f an unsatui’ate'd grou}> (('.g., e*ar*l)onyl) to uirele'i'ge) aeldition. 
Therx'ferre', a ceanparison of Ihe be'ha\'ie)r erf sulfernes with that of eoni- 
jrounds e'xaitaining unsatur*ate'el labilizing gr-enips shoulel re^veal the 
])r'e)pe*rtie's due* to e‘l('e*(r*on attj'ae*tion with complicating factors (enoli- 
zation, aelelition, e'tc.) minimize'el. 

Activatiern erf hyeliHrge'ii in the a-persitierrr by the sulfone grerup is 
shown by the re'ae*tiern e.rf sulferne's Avith the' (Irignar’d reage'iit.,^^’ 
lilroiTiting a hy(h*(re*aj*bon anel forming a halermagnesium eler*ivative of a 
sulfone'. 

p-ClbC^.dbSO.Cir, + RMgX-^ RU + [/rTdI,G,JLiSCbCno]MgX 

The halermagne'siurn ele‘r*ivative's be'have like enolatt's in their r'e'actierns; 
lh(‘y may be aeylati'el, alkylated, err halergenated and upcrii hj^drolysis 
j('ge'nei’ate the sulferne'. 

[RSOoCTIdldgX RSOATIij + MgXo 

In some case's sulhrne's do nert, ivact AAith the Grignard I'e'agemt at room 
te'rnper'atui'e'; te'ni]X'i‘atur’e's of 75-80° will biing about re'actkrn. Mhen 
(vver sulfone gi’ou]rs ai*e^ attae*he'd ter the same carbon (methylene disul- 
foiK's, RS() 2 CIl 2 ^ 50 oJ{) the* aciehty erf the hydrogen is nmre prernerunced; 
tlu'se' cermperunds re'ae*t with the Gi’ignard reagent at roenn temiperature 
anel at. high teanpe'rature's I’eact with two merle's erf the re^agent. 

(RS02)2CH2 J- -^1> [(RS02)=CII1MjrX - [(RS02)2C](MgX)2 

RU R'll 

Sidgwiok, “The paoctronic d’hetH'y of Valency,” Oxford University Press, T.ondon 
' 1929), I). 152. Ueceiit oxpoiinnMits s\iK#rest that in certain sulfides the sulfur may expand 
Us A aleuce shell, and thus cause activation of the methylene group: Rothsteiii, J. ( funi, 

1550, 155a, 155S, ISC.O (1940). 

(fO Kohler and d'ishler, ./. Am. Chvm. Soc., 67, 21S (19:15); {h) Kohler and Potter 

57 , i:ue> (19:15); (c) Kohler and Larson, ihid., 57 , 1448 (19:i5). 
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The redaction of the Gri^nard i*(\ageni- with siilfoiu's is analogous to that 
with ketoiK's in which stc'rit? hindrance prov('iils addition to the carbonyl 
group (p. (>!()). 

Whiles in sini])l(^ siilfoiH's llie hydrogen is luM. sufficiently aestivated 
to form sodium salts n^adily, methyleau^ disulfon(\s n‘act with sodium 
ethoxide and in some (sase's with dilute aqiu'ous alkali to form sodium 
d(‘rivatives. Trisulfonylniethanes, (r{S02)3CH, are still more acidies.-'^^^ 
M(‘thyl(me disulfon(‘s ])(‘liav(' like' ('uolizable comi)ounds in the' reaction 
with me'iruric eshloride'-sodiurn (‘the)xid('. 

A f('w cases are' known in wliiedi sulfenu's underge) re'actions that aio 
consiel(Ted typie*a] e)f compeninels containing hydrogen activate'd ))y 
iinsat lira, ted gre)ups (such as e‘ar 1 )onyl). Me'thyl 2>h)lyl sulfone re'- 
ae'ts with be'iizalde'hyele' to give' le)w yie'lels e)f an unsat urate'd sulfone', 
a reactieni analogeais te) the fen’iiiatieni e)f l)e‘nzahicete)phene)ne fre)m ae'e'ten 
])he'none and l)enzalele'hyele'. Be'uzyl 7>-te:>lyl sulfone' unele‘rge)e's thes 
Miehae-l conde'iisatie)!!,"^^ and the re'ae*tie)n of a disiilfeine' witli for- 
malele'hydc' in the^ preise'nce e)f a sece)ndary amine is analogous to the 
IviKX'yenagel re'actieai. 

CII,C6ll4S02riT:i + Ct.H.CIIO > CTI,(\Ji,S()2Cn-=CTlCrJIr, 

CcHftCIT—CllCOCV.lh (\M,CUCU^Ci)CrJh 

+ I 

CelhCHoSOoCMh (VJhXdlSOoCMh 

2(RS()2)otTl2 + ClhO — (RS()2)2(dlCll2(lT(S02R)2 + TToO 

The'se re'actiejns and the' alkylatie)n of me'tallie' de'rivative's e)f 

disulfoiu's ai*e' indie'ations that a,e*tivation of hyelre)ge‘n l)y the sulfoee' 
gioup is similar te) that l)y the' ke*te)ne‘ anel e)the'r unsat urati'd gre)ups. 
Thc'se re'sults e*an be e'X])laine‘d eitlu'r by assuming tha,t sulfur may e'X- 
pand its valeau'e shedl eir that- enolizatie)n is unne'e*e‘ssa.ry for thc'se* re'- 
actions. The failures e)f othc'r ae*tive‘ ine'thyle'ne re'ae'tions te) e)e‘e*ur 

with sulfone's may be at-tributesd to (1 ) the' le'sse'r ae'tii ating ])e)we'r e)f the' 
sulfone gre)up, (2) the' necessity of an e'ne)lie' inte'rme'eliate', e)r (3) a re'- 
action nu'chanism requiring aeldition to an imsat urate'd g]’e)up. 

Influence upon Halogen. The sulfe)ne* gre)up e*ause's ct-haloge'ii te) Ix' 
inaestive as far as metatlu'sis re*actions are' ce)nese'rned,*^^^’ suggesting 

and Gibson, J. (hern. Snc.y HOC) (lOHH). 

23’ C\jnnor, Fleming, and Glaytoii, J. A/n. ('htw. Soc., C8, lase; (loae)). 

232Kc)tz, Bcr., 33, 1123 (laeK);. 

23-3 Shriller and Groenlet^, J . Org. (hem., 4, 242 {1939;. 

234 Barnes, KiindiiiKCT, and McFlvain, ./. Am. (Item. Sac., 62, 12S2 (1940). 

23*'^ Mirhad and Palmer, Am. Ohem. J., 6, 253 (1SS4). 
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that tho increiis('d reactivitj’^ usually asso(‘iato(l wth a-halo esters, 
ketouos, etc., is a n'sult. of a preliminary addition rc'action. The sulfone 
Sroup activates a-halof-cn to oxidation reac- 

tions (“po.sitive” halogen). 

RSO.CHdtr + 2NaSR' + RSO,CII., + R'SSR' -|- NaBr + CdLONa 

Influence upon Sulfone Groups. Tn general, the disnlfom's and poly- 
sullones arc* h'ss stahh; tha.n tlu* .'-amjjle sullones. Disulfoeylniethaiu's * 
are not hydrolyzed hy alkali, lait t l•isulfonyhnt'thanl's “37 ^re cleav(‘d 
to disulfoiK's and sulfonate.'^!. 

(RS02).iCll + Nat)IT (RS().),(;il 2 + RSO.iNa 

Wlu'n sulfone grouj)s ai’c attached to a(lja.c<‘nt, carbon atoms, ch'avage 
occurs more readily than when the groni»^ are on tlu' same atom (Stiiffer’s 
i'ul(“ I'he cl('avag(^ rea(“lions of (‘thylene disulfones produce sulfi- 

nales.9-'’ 

I - RS()2CH2CIT2()II + RSOzNa 

RS0.,CII..CIT,S02R 1 

t -> 2RS()2K + CXCllsCllsCN 


'Die alkaline' hydrolysis of ('thylene di.sidfom's has been applic'd in studic'S 
of the structure's of the' line'ar polysulfone's from sulfur dioxide and 
ole'tins (p. Tbti). 

Trimelhylene' disidfones jue not hydredyze'd by alkeili, but a 
t.('t rasulfonyl pr()})ane is e'e'ported"’^ |o give' formaldehyde' and the' di- 
.“.ulfone. 

(RS02)2cncii2C'ir(.sc)2R)2 CTI 2 O + 2(rso2)2CiIo 

0-1 )isulfones “■*' may be i)r('paicd by oxidation of sidfinic acids, by it- 

\Ieil;iiiiliT, Arkit Krnii, Mnirrnl. (/(,>/., 12A. No. U’., .TJ fUK-o) [<"• •!., 31, 57ri3 
SauKMi, .l/7e//' Kfifu, M nuraL inoL, 12B, No. 51 (IDliX) [(\ A., 32, 4520 (lOiiS)]. 

^ Siilloiial ( ( '1 1;; ij( ‘(S( )' 2 ( 2 , tiioiKil ( 2 ' ( C 'H .j f S( ) 2 ( 'j Ur, 1 anti torroiuil 
^ 'jU.,j^>( '(S(_)o( ’'jUe,',; aic used as soponfius. 4 huy aie prepared by oxi(latiVi)n of the appro- 
]>Ji:tte iii(‘re;iptols or by alkylation of a disulfone olitaiiUMi jroin a inoreaptal. [Baumann, 
her.. 19, 2S0S (ISSS) ; Baumann and Ivast, Z. i'futn,, 14, 52 (1SS9)]. 

llolndter^, lirr., 40, 1740 (1907); Ihiuinann and Walter, Bcr., 26, 1124 (1893); 
Baumann, Jii r„ 24, 2272 (1S91); Otto, y>V/\, 24, 1X32 (leX91). 

Stuffei, /y<r., 23, 140S, 3220 (1X90). 

-'^M)jfo and Danikohler, ./. <’hnn., |2] 30, 171 (J.SeS4) ; Otto, ibid., 30, 301 (1884). 

Auteni ieth and Wolff, Her., 32, 13(iS (1899). 

Uilditch, ,/. (7/r;a. Snc., 93, 1524 (190X) ; ITinsberK, Her., 49. 2593 (1910); Kohler 
bUfl AlaeDonald, Am. (liem. 22, 219 (1X99); Pearl, Evans, ainl Dehn, J, Am. Chvm 
60, 247S (193X). 
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action of a salt of a sulfinic* a,cid with a siilfonyl chloride, or by treating 
a siilfonyl chloride with sodium or potassium. 


RS 02 Na + RSOoCl 
2 RS() 2 C 1 + Na, 

(or K) 



o o 



o o 


K]\Tti(>4 

< 


2RSO2H 


a-DisulfoiK's are easily sjdit by alkaline hydrolysis. 


RHOsSOoR + 2 Na()H RSOoNa + RSOaNa + H 2 O 


Unsaturated Sulfones. of,jft-Unsaturat(Ml sulfon(\s rc'act likii a:,/3-im~ 
saturated ketones with malonic ester, sodium nK^reaptidc's,-'*^ the Grig- 
nard rc^ageni,-^ (‘onjugated di(‘ijes,-^“ and otlaa* j*eagents.^^''^ 


CTloCCXX )CIl3V2 
+ NaOCIIa 


Ccll6CH=CIIS()2C6H4CH3 


l{8Na 


1!MkX 


> Cel r5C II ch2S( )2C6H40H3 

(:ii(c;ooch 3)2 

> tUl5(’IIC’Il2S02C6il.jC’lT3 


SH 

CV,lT;.CilCIISO,CcTT.iCIT3l 
R 

I 

non 


MgX 


\/ 


CH 2 — - 

CIT 

C- 

1 

li + 

1 

CH 2 

CH 

C- 



Cel I hC i I— c; Il 2 S( )2(':oH4CH3 


11 



These reactions are of considerable interest because the (luestion of 
tlu! ability of the sulfone group to function as a i)art of a conjugated 

Alder, Riekort, and Windemuth, Her., 71, 2451 (lOHS). 

Alexander and McCoinhie, Clicm. Soc., 1912 (1921) : Brit. pat. 450,559 [C. A., 
31, 114 (1927)1; Ger. pat. 635,298 [C. A., 31, 115 (1937)]; Ger. pat. 662,992 [('. A., 33, 
174 (19.29)1; U. S. pal. 2,140,608 [C. A., 33, 2525 (1929)]; U. S. pat. 2,140,609 [C. A., 33 
2541 (1939)]. 
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system has some bearing on the theoret ical considerations (expansion of 
valence shell, etc.) already discussed. For exampli', the ])rodiicts ob- 
tained from the reactions of a,^i-unsalurat('d sulfones witli the Grignard 
reagent behave*"*' like those obtaiiu'd from tlu* n'action of (v,rf-unsat.u- 
rated ketones. This suggests"'* tliat. the reactions of the sulfoiu's, like 
those of the ketones, occur ])y l,4-addili()n with exi)ansion of the valemio 
shell of sulfur. 

In unsat urat,ed sulfones with a im'thylene group beit wc'en the double 
bond and the sulfone* grou]), tautonu'iism may oceuir in the three- 
carbon system. 

CTi.=.cii2H02CiT=--(4icii2SOo('2ih<^ . :■ (’6H5CUoS02cn2Cii=--cii.s()2C2H5 

«()';■ 40% 


a-Sulfonyl Ketones, Acids, etc. The «-sulfonyl acids may be iso- 
la.t('d but, are readily (k'carboxylal ('d by heat.'"'*''* 'riie snlfonyl grou[) is 
apparently effective '•***' in causing the* hydrolysis or alcoholysis of 
keto and other groui)s. 


ax*!!:, 


R8()2Cll2C()OII > RSOsCIb + CO2 

ll >02116 
- - -> 

CdhSOzGlh-COOCyh + Clk, COOC-Ils 


NaDCUIr, 

C6li5S02CH(X)OC2n!, + C2II5OII - - -> 


Ko]| 


C6ll5H02CH2C()Cn.-, > (klloSOsClh + CM:, COOK 


Comparison of Activating Effects of Sulfone 
and Sulfoxide Groups 

The important differeiua* in tlu* electronic structures of sulfones 
and sxdfoxid(.'s is that the sulfoxides have only one cothdinate link and 
hence i'('fain an unshared elect i‘on i)air. Tin* sulfoxide group, tluTefore, 
does not have a strong attraction for electrons and does not activate 
liydrogcn in the a-posiiu)n.““' 


Bothstt'iu, J. Chcin. (>81 (1934) ; ibid,, 309 (1937). 

24K)tt(), Bvr., 21, 89, 992 (ISSSi. 

Otto ..nd Otto, J. prakt. Chcni., [2] 36, 401 (1887); Otto and Hossing, Bcr.. 23 
752 (1890). 

Haiiimick and Williams, J. Chem, <Snc., 211 (193S). 
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IX. SULFONIC ACIDS AND THEIR DERIVATIVES 
General Characteristics 

Many aliphatic sulfonic a(‘ids * are highly hygroscopic. Those ol 
low molecular weight nre high-boiling lupiids (e.g., CUhSO^JI, b.p. 167° 
[10 mm.]), but th(i liigluM* memtxn-s of the s(Ties are crystalline solids. 
Since — SO;iH is a ])()lar, wa(er-solul)ilizing group, the alij)hatic sulfonic, 
acids whiclx (contain a long hydrocarbon cliain arc^ dc^UTgent-s (‘dx^^dro- 
gen soai)s^’). Their sodium salts f are ex(*(‘ll(Mit d(‘t(n*gents and may be 
used in hard water since the calcium and magn(\sium salts arc very 
soluble. 

The aj'oinalic* sulfonic acids are useful interm(Hlia,l(\s in syntlu'sis 
be(\aus(' th(‘ — SO-II group is n^adily re])lac(‘(l by otlua* sul)stilu(Tits. 
IMany dyes contain this grou]) because of its watcT-solubilizing 
action. 

Some of the aliphatic* su 1 f on amide ‘S of low moh'cular weight are* 
hygroscoihc, but gcaicnall^^ sulfonamides are crystallim^ solids wliiiii are 
W(‘ll suited as d('ri\’atives for th(‘ ideal tih(‘at ion eif sulfemic acids eir of 
amine.\s. Aliphatic sulfonyl e*hle)riele\s are* lachrymat-eiry liquids, but ihe 
a-remiatic sulfonvl chloride's are, with a few (‘xe*e})tions, seilids. The e'slers 

() / O X 

t ( t ) 

of sulfonic ucicls | R — S — OR 1 :ir(' isoiiieric witli alkyl sulfites \ROS()R / 

i 

O 

but tlu! two s(‘ries differ (Huisid(a-al)ly in elieinieal and physical ])roi>er(ies. 

* The ap])roved ronvoiition [Patterson, J. A7n. Chem. Soc., 55, .'JlUo, (UKISiJ jc< 

to name sulfonic acids and their deiivalives as derived from h> drocarhons. llowexei, in 
the nomenclature of sulfones the acyl radicals derived from sulionic acids are alk> I suITotrn 1 
radifjals. For example: CnT.^SeXsII, methanesulfonic a<‘id; CJH.<Se >_»( d, me(haiiesuh()n\ 1 
chloride; Cell&SOL^OCidt ethyl heiizenesulfoiiate; (dl.jSej^CHijCejejH, meth>’lsiillon\ lac t'- 
tic acid; C6n&S02CIli3C00Jl, phcnylsulfunylacetic acid. 

t These are not to be confused with the cfunmomu* “soaplcss deterKents,” which no* 
sodium alkyl sulfates, not snlfonates. Some of the sulfates are prei)aied by luniti ali/jiiR 
the alkyl acid sulfates which aie toimed by the action ol concenliated sulluiic a(‘id uirri a 
mixture of hipjh-molecular-weit^ht alcohols (average, about (02) obtained liy the hydiogeiia- 
tion of glycerides. 

II0SO4 NaUlT 

ROTI -- -> ROSO 3 II ROSOaNa 


These products arc sold in “Dreft” and “Drene.” “Vel” is likewise a sulfate. 

0 OH 


CH2 


-CTI- 


2 glycerol 

- CUI2 3RCOCH2CH— CH2 


OCOR OCOR OCOR 


O 


on oil 


R COCH2CTiCH20S03Na 
“Vel” 
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Preparation 

By Sulfonation. Alkanosiilfonic acids arc for]!iod in low yi(‘Ids (loss 
than 40 j)oi* cent) by the action of fuming sulfuric acid or chlorosiil- 
fonic a(*id upon paraffin hydrocarbons. 

Kii + noS()4*so, RSO:iH + 112804 

The roa(‘4ion occiu's inon^ readily with branchod-chain hydrocarbons 
than with normal hydrocarbons. Soin(' disulfonic a(‘ids are obtained 
by i)assing sull'ur li*ioxid(' through boiling ])araffin. 

Sulfonation of aliphatic hydrocai'bons may b(' carried on( witli sul- 
furyl chlorid(‘ ])rovided that ]yridin(‘, (juinoliiK', or a sulfhydrvl com- 
pound is axkh'd to sui)])r('ss the chlorination reaction. 44ie reaction 
mixture is ir]'a.diai(‘d during sulfonation. In this way a 55 p('r cent yield 
of cyclohexaiH'sulfonyl chloride may be obtained. 

The sulfonation of olelins is desciibi^d els(nvh(‘ro (]). 177). 

Sulfonic a(*ids aix; formed by sulfonation dining tli(‘ r(‘fining of pe- 
troh'um distillates, and llu'ir salts a.re used as detergents, emulsifying 
MgiMits, weiling ag(‘n1s, cutting oil, (4c. 

Carbox^dic acids and anliydrklc's ar(‘ more rc‘adily sulfonatc'd tlian 
th(' hydro(‘a.rbons. Aliphatic (‘arboxylic* acids iiave b(‘(ai (^onv(‘rt(‘d to 
a-sulfo acids by rc'aetion with sulfuric a^id,*'*’’ sulfur trioxidc',-^- and 
(iilorosulfonic a.(id.-*'‘'' J\in('ti(* studi(‘s indicate the following mecha- 
nism for the sulfonation of acetic anhydride'. 

[Vn.iWW + ll2S()i CdU(X)Oll + CH.iCOOSO,!! IIO3SCII2COOH 


Ali|)hati(* acids react with sulfuryl ciiloride in an uniisual manner 
giving sulfonation in the ddiositmn. This inaction is favcm^cl by light 
and by the' aliscaun of jieroxidc'S. Percjxidc's catalyze the chlorination 
rf'action, whicii occairs in the' a-, (i-j and 7 -positions. 


0 


ClUdhCX)!! 


IVroxidt’s 


send 2 

night 


ClClLiClhCOOH + CIlaCIlClCOOH 


> iiosoonioCdioCooii 


Woistall, Am. (ln'm. .L, 20, i\('A (ISaS). 

Young:, ./. ('fictn. Soc., 75, 172 (isa9). 

KliJiin.scli and Knad, J. Am. Chvm. Sue., 61. dOSl) flOdin. 

Kran(‘}iiniont, ('umj>f. rctui., 92, 1054 (ISSl); luc. tniv. cinm., 7, 27 (ISSS). 
M(‘lsons, Ann., 52, 27ti (1SS4). 

Uau in stark, Ann., 140, SI (ISOCi). 

Xluiray and Kcniyon, Am, ('hem. Soc., 62, 1230 (1040). 

Kharascli and Blown, ibid., 62, 925 (1940). 
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The sulfonalion of ai'omatic liydroc^arbons is the common method of 
})reparation of aromatic sulfonic a(*ids and is too familiar to warrant 
a detailed dis(a]ssioii. Th(i mec^haiiism of this i*ea(‘tion has b(‘en dis- 
cussed elsewh(‘r(' (p. 175). Fuming sulfui’ic acid or chlorosulfonic acid 
are the sulfonating agcaits used. Chlorosulfonic acid appears to form 
the sulfonic acid first but an (excess of it ])i*oduc(\s the sulfonyl chloiide. 


Aril “f' 112804* St)^ — ^ ArSt^idi -|~ II2SO4 
ClSOaH (’ISO3II 

Aril HCl + ArSO.nll > 1I2S()4 + ArS02Cl 


Mercuric sulfate and silv(‘r sulfate are catalysts for siilfonation. 

The tempcTatun' of siilfonation may have' an important influence 
u])on tli(' ratio of isomers {)rodu{*(*d. For c^xampk', sulfoiiation of tolueiu^ 
at- low temperatui*es giv(‘s a ndalively large' amount- of the ortho isomer. 
e-Toluen(\sulfonic acid and ;>tolu('n(*sulfonic a(*i(l are intc'rconvc'itible 
on luxating with con cent rat c'd sulfuric acid. The ix'action is considerc'.d 
to be intramol(‘(;ular. High t-ejnj)erat,ur('s (200 250"^) ai‘e n('(*essary for 
the formation of disulfonic a(*ids. Disulfonation of Ix'uzc'iu' gi\a's pre- 
dominantly the meta isomc'r with a small amount of the' para di'rivative'; 
high temperature's and the' pivse'nce of me)is(ure' ae*e‘(‘l('rale‘ the' formation 
of an equilibrium mixture' eif the^ two. Introeluction e)f a third sulfemic 
acid group is usually bi’e)Ught- about at- a highe'r te'jupe'ralurc e)I>taina}fie 
with a sulfuric ae*id-i)e)tassium bisuUate' inixtun'. 

SulfonatieHi of peiljunethyl le'iize'iie's or nu'thylhalofx'nzenc's ma^^ 
give^ re'arrange'iuents. For example, elurene' give's ])e'ntameth}'lbe'nzene 
and a mixtures of two trimethylbenzene'sulfemic ae'ids. 

Sulfemation has be'eai suggesteel as a methoel for tlu', identifie‘atie)n 
of aryl halides and etlu'rs. 

By Oxidation of Sulfhydryl Compounds. The oxielation e^f leael nie'r- 
captides by nitric acid is an exce'lk'ut me'thod (or the' pre'iiaratiein of 
aliphatie^ sulfonic aciels. The lexad sulfeuiate's e)))taine'd by this me^thoel 
are re'adily converteel t-e) sulfonie* ae*iels by tre'atme'ut with dry hydrogen 
chloride in isopropyl alcohol. The yields ar(' GO 92 pei* cent. 


(R8)2rb 


o 

UIN03) ^ 


(RSO:;)2Pb 


Div IK 'l 

> 

in (e'Ust.X’lIOfl 


VhCh + 2RS031I 


Iljirdinfr, J. (hem. Sue., 119 , 12(ii (1921); St(‘w;ut, ihid., 121 , LTjrXi (]922j. 

Bohrend mid Mcirtolsinmin, Ann., 378 , 352 (1011); Iloldeniimiii, Her., 39 , 1250 
(190(1). 

268 Holleniann and Caland, Bcr., 44 , 2504 (1911). 

259 Jirc. trav. cfiim., 14 , 4ie> (1910). 

Smith and Cass, J. Am. (Jh<’ 7 n. Sac., 54 , l(il4 (1932) ; Ja^'obsen, Bcr., 19 , 1209 (ISSO) 

261 Jacobsen, Bcr., 20 , 2S37 (LSS7) ; Tohl, Bcr., 25 , 1523 (1S92). 

262 Huntress and (^arton, J. Am. Chem. Sac., 62 , 511 (1940). 

263 Noller and Gordon, ibid., 55 , 1093 (1933); Vivian and Ueid, ibid., 57 , 2559 (1935) 
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Other oxidizing agents which have been used for the oxidation of mer- 
captans to sulfonic acids are jiotassiunr ])ennanganate and hydrogen 
j)eroxid(’:.-®''’ The action of chlorine or bromine in a(H'tic acid or in waU'r 
conv('rts merc^aptans and thiopluaiols to sulfonyl chlorides or sul- 
fonyl bromides. 

RSII + 3 CI 2 + 2 II 2 O RSO 2 CI + SHCl 


By Oxidation of Other Compounds. The' preparation of alkanesul- 
fonyl halides has been carried out. with exci'lk'nt results by the oxida- 
tion of S-alkylisothioiu’onium salts (p. 84 1) with afuu'ous h.alogen. 
lliis proc(‘ss is superior t,o the oiu' mentioiu'd ai)o\'e because it avoids 
the isolation of the mercaptans. 




NH2T 


IIS— t. 




ci- 


Cl2 

ill IKHU'OUl. [ 

Bohilion ^^'2 


> RSO 2 GI 

> RSC)2Br 


(oi- 8 :r;) 




The chief c)bj(‘cUon lo this method is lliai. n few serious (‘xplosions hav(j 
oceurn'd.-^'-^ In lh(\s(' cases it apin^ars llial- th(‘ rea-ction ])]*o(lu(‘t wa.s 
not isolated iminediat(‘ly aft(T tlie introduction of amount of (‘hlorino 
]U'cessary for tlie foianation of sulfonyl chloride and that nitrogen tri- 
chlorid(^ may haw l)('(ai fornu'd. 

The formation of sulfonyl halides or sulfoniir acids has Vu'cn r('- 
])oiied ])y lli(‘ [ipj)lication of this naiction to t}iioest(‘rs, S-alkyl- 

thiourethaiK's, thiolsulfonic (‘stia's^ thio(*yanates, aJkylmercapto[)yrimi- 
dines, S-alkyltiimi'thylisothiouixais, xanthat(‘s, and similar compoimds. 

Although tlu^ star(in[»; maUwials arc' soim^whati kss conxaaiiently 
pr('[)ar(Ml, the chlorination of disulfKl(‘S sf^ems to offer a m(‘thod of 
synth(\sis of sulfonyl cliloridc'S without aipv ])os,sil_)iiity of the formation 
of nitrogen chlorides. The disulfide is dissoKa'd in glacial acetify a(‘id, 
the theoi-etical amount of water added, and chloiiuo passed in. The 
r(‘action is complete in a few minutc*s. 

lajom 

R8SH + 5Cl2 -k 4 II 2 O 2RS()2Ci + 81IC1 

Icinpoiatuu* 

Aut.t*Tirioi h, .1////., 269, (1S<)0) ; Collins, Ihlditcli, Mav.sh, and IVIcLcod, ,7. Sac. 

rhew. JmL, 52, (193:0. 

21 ) 1 ) nackur I\/c. (nil', chiin., 54, 205 (19:15). 

Zinckc and Frohmdicrg, 7>'(t., 43, S37 (1910); Yuunj;, J. Am. Chern. Soc., 59, 811 
|J9:{7). 

Douglass and Johnson, ./. Atn. (Item. 60, 1480 (19:i8). 

S])raKiic and Jolinson, 59, is:i7, 24:>9 (19:»7). 

FolktM's, Uussoll, and Bost, ?n/d., 63, .3530 (1941). 

Battosay an<l Kn4»s, ('oinjU. rend., 206, l‘J02 (19:18) ; Johnson and Douglass, ,/. Am, 
Chem. Soc., 61 , 2549 (19:J9); Johnson, l^rac. XdfL AaiiL Scl. [ . S., 25, 448 (19.39) [C, ^1.. 
34, 2811 (1940)]; Stone, Am. ('hem. Soc., 62, 571 (1940). 
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Diaryl disulfides may n^qiiire mo]-e vigorous eonditions for oxidation. 
Mercaptals, mereaptols, and suIfoxid(\s, which also give sulfonyl chlo- 
rides under llu'se conditiojis, are not readily enough available to 
api)ea]- as promising maioi-ials for usc^ of this i*eaetion in synthesis (pp. 
858, 87)})- "rritliioformakh'hyde, however, is a good source of chloro- 
methanesulfony] chlorid(‘ (p. S5S). 

By the Strecker Reaction. Alkyl halidc'S react with sodium or 
ammonium sulfiU' t.o give salts of alkaiu'sulfoiiic acids. Alkyl bi’omid(‘S 
an^ geiK'rally used, but it is (‘lainu^l that^ bettei* yi(dds (1)0 -99 p(a- c(‘nt) 
may be obtaiiuMl by using alkyl chloride's in a.n auto(‘lave at 200'^. The 
sulfonic acids may b(^ isolated as t.lu'ir barium salts, libc'ratc'd with sul- 
furic acid, and converte'd to ])henylhydrazoniuni salts. The Strecke'r n'- 
action may be ai)pli(Hl io polymethylene halides "'^ or branched-chain 
halides.-'® 

R.X -f" Na280;i — ^ RSO;jNa -f- NaA 

Silver sulfite reacts with alkyl iodide's to give' e'ste'rs e)f sulfeniic aciels. 

0 

1 

2RX + AgoSO.^ H— S— OR + 2AgX 

I 

0 

By Addition of Bisulfites to Olefins.®'^ Ok'fins a[)i)arenfly elo ned 
reae't with bisulfit(\s in tlu' abse'iicc' e)f oxygen. In the picseaie'c e)f e)xyge‘n 
adelition ejccurs in a manne'i* e)ppo.site to that prealiede'd by Mai*ke)wni- 
kotf’s rule (“aluiemiial additie)id’). ^ ie'lels vary from 12 jx'r cc'iit (e'lhy- 
k'ne) te) 90 pea- cent (cinnamyl alcedu)!). 

CTI;,Cn--(Tl2 + NallSO,— (Ti.AlLAdl.SO.Aa 

Three sulfonic aciels have been obtainenl from the' i‘eactie)n e)f styrene' 
with amnie)nium bisulfite in the jm'seiice <jf oxygen. 

Schreiber and SliriiK'r, ./. .1///. Cfu m. Sor,, 66, 11 1 (IblM). 

Strecker, d ////., 148, 01) (ISeiS) ; Heed and d'nrtar, ./. A/n. {'hntt. Soc., 57, 570 (lorif)). 

2"''* Tiirkanvicz aiul St, Pilat, i^ r., 71, L\S4 (lOC.S). 

T.atinier and ikjst., J. Atn. (V/cm. Nor., 59, Lk5e.)e) 0057) ; J. 5, L' 1 (1040). 

Stone, ,/. .4?//. (lu tti. Nor., 58, 4S8 (lOiUi). See also Stoiu', Uef. 570. 

27«ZufTanti, ,/. Aw, Chnu, Soc., 62, 1044 flOieo. 

Knrbci Onv, Anti., 173, 7 (1S71). Alkyl hnIfH(‘h are also obtaiiu'd by the action of 
thioiod chloiide on alcohols. Voss and Waclis, B<r., 68, 1050 (1055). Sei' also Uef. 5Sl 

Kharasch, May, and Mayo, Chem. and Trid., 16, 774 (105S) ; ,/. Org. Chew., 3, 175 
(1938); Kolker and Lapworth, ./. dlicm. Soc., 127, 307 (1955). 

Kharasch, Schcnck, and Mayo, J, Am. (fhem. Noc., 61, 3092 (1939). 
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C 6 n 5 CIl 2 Cll 2 SO;,NH 4 


C6HbCH==CH2 CJTbCII^-CIISOsNHi 

"■ + 

Citi,C[i(on)rn.so,NH, 

Other Methods. The formation of salts of a-hydroxy sulfonic acids 
(aldehyde and ketone bisulfites) and of sulfonaic\s by addition to Qf,/3- 
unsaturat(‘d ketones, etc., is discussc‘d (‘Isewhere (p. 077). /^-Hydroxy- 
sulfonat(\s may be obtained by thc^ reaction of alkykaui oxides with 
sodium bisulfite. 

CIT 2 — CTl 2 + XailSO, -> ITOCll2Cdl280,Na 



Alkaline h 3 xlrolysis of alk^d sulfit(\s causes reai'rangcmK'iit from oxygen 
to sulfur and givc‘S sulfonic* acids. 

0 O 

T 1 

R— 0— 8— O— R + NaOTI R— S~C)Na + ROH 

j 

o 


Sodium alkyl sulfites, obtaiiu'd l\v the reaction cf alkoxidc'S wdth sulfur 
dioxide*, undergo a similar reaction in the* j)r(\s('n(*(* of salts such as 
sodium iodide. 

C) O O 


// 

RONa + S 

\ 



O 


t) 


Formation of Acid Derivatives. Tlu* conversion of sulfonic acids and 
tluar salts to su]fon 3 d chloride's may be ca-rrii'd out 1 ) 3 ^ the use* of chloro- 
sulfonic a(*id,'~‘^ phosphoi’us })entachloride,‘“^“ benzol richloridc*,^^'^^ or an 
excess of thionyl chloride.'"’* The* use* of acid chloiides for the synthesis 
of (*st(‘rs and amidi's will be descritx'd willi the other reactions of sulfonyl 
chlorides. Sulf()n 3 d iodide's an^ pre])ar('d from salts of sulfinic acids 
(]). 917). Sulfonic anh 3 alrid(^s, (RS02)2^-^> known but are not im- 
poj’tant. 

liauor and Hill, J, Avi, Chem. Soc., 58, 1S78 (n)3(>). 

UohtMihcim and Sarow, Btr., 38, (1905;; and Jdebknecht, Bcr.^ 31, 

405 (1898). 

Joy and Bo^^ort, J. Or^. divm., 1, 2SG (19.30). 

Gcr. pat. 574,830 [(’. A , 27, 4543 (19.33)]. 

SiithtM-land and Shrinur, J. Am. Chtm. /S’or., 58, 0.3 (1930); Sruil(\s and Ililditch, 
J. (*hem. Soc., 91, 522 (1907). 

Hubner, Ann., 223, 2.38 (1884) ; Abrahall, J. Chrm. Boc., 49, 092 (18SG) : Kosenberg 
19, 052 (1880); Arinstrong, Brr., 26C, 752 (1892). 
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Reactions Resulting in Replacement of the Sulfonate Group 

Replacement by — H. The aromatic sulfonic acids are hydrolyzed to 
hydrocarbons and sulfuric acid by heating with mineral acids. 

ArSO,H + non -- V Aril + Ih>SOi 

The reaction is best cai’ric‘d out- in s(‘al('d tubes or by superheatiHi 
steam, although liighly substitutxHl aromatic sulfonic acids are hydro- 
lyz(Hl at 100^. The hydrolysis of sulfonic; acids is chiefly of interest be- 
cause' of its a])i)li(*ati()n in the Sf'])aration of h 3 "di’ocarbon mixtures. A 
mixture of hydrocarbons or aryl halidc's is sulfoiialed and tlu' sulfonic; 
acids or sails isolated. Oc;c;asic)nally one (;c)nipo]ient of the mixture is 
I'C'sistaiit to sulfonatioii and is sc‘para.tc'd in this way. The sepai*a.tion 
is sometimc's c*arric;d out b}^ frac'tional crystallization of the salts and then 
hydrolysis of the piu'ified i)rc)duc;ts. If one; of the sulfonic acids is moi‘e 
readily hydi-olyzed than the other, one h^^drocarbon can be nanovc'd 
by steam distillation. 

The aliphatic sulfonic ac*ids are not hydrolyzed b}^ acids and in this 
seric's rc'placc'ment of the' sulfonic; grou]) l)y hydrogcai is not known. 

Replacement by — OH. The formation of phenols b^" the alkaline 
fusion of salts of aromatic; sulfonic ac*ids was discc)V(;rc;d simultanc'- 
ously by Wurtz, Kekuk";, and Dusart. 

ArSO.dv “f- 21 v()ir — > ArOTv 1^280^ -j- H2O 



ArOII 

This is familiar as a commercial and laljoi-atory method for the s^m- 
thc'sis of phc'iiols. It ma^^ lx; added that sodium hydroxide often fails 
as a rc'agc'iit for this redaction Imt that- then pota-ssiuni h^^droxide, alone 
or mixed with sodium h^ilroxide, will bring about reliction. Rean’angc'- 
ments often occur during fusion (c\g., ])oth rn- and 2 >-bejizenedisulfonic 
ac;ids give lesorcincd), and this, therefore', cannot be used to determine 
the orientation of substitucaits. Oxidation reactions may cause the 
formation of by-i)roducts. 

286 Lirnpricht, Bcr., 10, ;U5 (1S77). 

287 Arnistronf^ and Mill(*r, J. Chetn. Sor., 45, 148 (1884) ; Kelbe, Bcr., 19, 92 (18SG). 

288 C/ohen and Hartley, ./. ('hern. /SV>r., 87, i;iG2 (1904j. 

289 Wurt/, CompL rtnd., 64, 749 (18(>7) ; Kekult*, ibid., 64, 752 (18(J7) ; Dusart. ibid,, 64 
859 (18G7). 

299 Gattormann, Brr., 24, 2121 (1891). 

291 Jdebenriann, Ann., 212, 25 (1882); Moyer and Hartmann, Bar. 38, 3945 (1905) 
Boswell and Diekson, J. Am. Chew. Soc., 40, 178C) (1918). 
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The aliphatic sulfonic acids are more stable than the aromatic but 
treatment at 350° with 4N alkali causes })artial conversion to al- 
cohols. 

Replacement by — CN. Fusion of sails of aromalic sulfonic acids 
with potassium cyanide'. is a familiar nu'thod for the i)reparation of 
aryl cyanides. 

ArSOaK + KCN -- KoSO, + ArCN 

The formation of cyanohydrins from the bisulfite addition prodiicts of 
the aldehydes and ketones may he (umsideax'd an example', of an anal- 
ogous reaction in the aliphatic series. Tlu' r('a(‘tion does not api)ear 
t,o have been extensively studied with the aliphatic sulfonic acids, but» 
o-toluenesulfonic acid gives benzyl (‘vanide b}^ distillation with po- 
tassium cyanide. 

CrJlbClI.SOJv + KCN KoSO, + Cnlb(ni2CN 

Replacement by Other Groups. A nuinlxT of leactions for the re- 
})la(*einent. of tlu' sulfonic a(‘id grou}> ha.ve ('ithe'r bee'ii studie'd in only 
a few cases or are* not geiu'i'ally ap])li(‘al)l('. Aldehydi's have been ot> 
taine'd-'^^ by fusion of sodium formate with the potassium salt of an 
aromatic sulfonic acid. Thf' sodium sulfonate does not react. 

O O 

'! F,« 11 

ArSIliK + Na<K'H - -> ArC--U + NiiKSOs 

k^nlfainlic acid gives tril)roinoani1iTie by r(\a(^(ion with broniino water, 
but this typ<! of reidaeeinent is limited, in the ])eiii5eiHi serk's, to eases 
ill which the, sulfonic acid groui) is ortho or para to a phenolic or amino 
group. 



SOsTl St trill hr 


In general, sulfoni<; acids derived from polycyclic aromatic hydro- 
carbons undergo replacement of the sulfonic acid group more, readily 

292 Wapiier and Roid, ./. Ant. (licjn. Soc., 53, 3407 (1931). 

Merz and MulhauMM-, /i/ r,, 3, 710 (1S70). 

Barb^\^^lia, Bn ., 5, li70 (1872). 

Moynr, Ann., 156, 273 (1S70). 

Kclbe, Brr., 16, 39 (1882); Brr., 16, 017 (1SS3); Knlho d ah, Bcr., 19, 1547 1730 
-137 (1880); Ileiiiichoii, Ann., 253, 271 (1SS9) ; Baur, Bcr., 27, 1019 (1894). 
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than the mombors of the benzene neries. Some of the nitron aphthalene- 
sulfoni(! aedds and anthra(iuiiion(\suIfonic acids give nitrochloro- 
naphthalenes and cliloroanthraqiiinones by heating with hot aqueous 
chlorine or with hydrocdiloiic acid and sodium chlorate. 

Some sulfonates und(a-go replacenient rca(;tions when heated with 
phosphorus pcntacdiloride. 


SOaNa Cl 



Poor yiedds of aniline are obtained by heating sodamide with 
sodium l)enzenesulf()nat(', but sodium i^-naphthaleiiesulfonate and 
iiaphtholsul foliates give better results.*'*‘^‘^ 



r>0Vo 


Replacemcait of sulfonate grou])s liy amino grou])s occurs with ndative 
ease in the monosulfoiiic and disulfonic* acids deriv(‘d from antliraqui- 
iionc.^^^ 


O 



() 

70 ^ 


Ullmann anrl Oclisnor, Ann., 381, 2 (1911); Oor. pat. 2()r),91.‘{ \('hrrn. Zrntr., I, 702 
(19()0jJ; Gcr. pat. 22S,<S7(i [Chew, Z^nfr., 1, 102 (1911;j; 1 riocllancler, Karames.siriis, aiul 
Schenk, Brr.y 55, 45 (1922). 

('ariiiH, Ann., 114, 115 (IS(jO). Under milder eonditions an (‘xeellent yield of the 
sulfoiiyl chloride is obtained from sodium Q:-iiaj)hthalenes\dfonate. See Joy and Bogert, 
Ref. 282. 

Jackson and Wing, Brr., 19, 902 (ISSO;. 

300 Sachs, Brr., 39. 8014 (1900). 

301 Kaufler and ImhofT, Brr., 37, 4708 (1904); Ger. pat. 250,515 [Chem. Zentr., I, 806 
(1913)]; Ger. pat. 273,810 (Chem. Zenlr., I. 1903 (1914)]. 
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Sodium a-anthraquinoiiesiilfonate reacts readily with mercap- 
tides, giving a:-alkylrner(‘aptoanthraquiiH)nes. This reaction has t)ecn 
applied to the prei)aration of solid derivatives of inercaptans. 



The sulfonic acid group is often readily r('])laced by t-lie nitro group; 
sulfonation is sonu^t inies (*arri(d out bc'ldre niLrati<)ii l)ecause the 
sulfonic acids are not l eadily oxidized by nitric acid. 



Disulfoni(*. acids and tlu'ir dia-ivatives in which tlu^ sulfur atoms are 
atlaclunl to adjacent carbon atoms are cleaved b}" alkaline reagents 
similarly to ethylene disulfones (p. 88:}). 


Reactions of Esters of Sulfonic Acids 

Unless detinite'ly statc'd oth(Twise, this dis(*ussion will deal with ali- 
phatic esters of aromatic, sulfonie^ aciels. The' aliphatic esters of aliphatic 
sulfeauc aeads have not be'en thoroughly investigated; their reae^tions 
a])pear to be sometimes similar and sennet ime\s dissimilar to those of 
th(‘ alkyl esters of aromatic sulfonic ae*iels. The re'actiejns of the latter 
(Ai'8()3ll) lead to introductie)n of an alkyl gremp, but when aryl (asters 
(ArSOaAr) react tlu'y usually fe)rm sulfinates and introduce the 
Art) group. In general the^ aryl esters are le\ss useful in synthesis and 
will not be dese*ribed in de^tail. It should perhaps be pointed out that 

Reid, Mackall, and Miller, J. Ayn, Chcin, Soc,, 43 , 2104 (1921). 
and Zetter, Btr., 12 , 2037 (1S79). 

Autenrieth and Rudolph, Bcr., 34 , 3109 (1901); Autenrieih and Koburger, Ber., 
36, 3020 (1903) ; Kohler, Am, C'hein, ./., 19 , 72S (1S97) ; Clutterbvick and C'ohen, J. Chetn^ 
^V., 121 , 120 (1922). 

Ferns and T-.apworth, J. Cheni. Soc,, 101 , 273 (1912) ; PhilipvS, ibid., 123 , 44 (1923)« 
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the sulfonic esters * contain no double bond and that this may account 
for the difference in tlanr reactions and those of esters of carboxylic 
acids. From the same; considerations outliiu'd in the discussion of sul- 
fones (p. 881) it would follow that reactions of carboxylic (;sters which 
occur by additioTi to the /(.•=0 would not ot’caii’, or would occur less 
readily, or by a different mechanism, with sulfonic esters. 

0-, N-, S-Alkylation. Alcohols are produced by the alkaline hy- 
drolysis of alkyl esters of sulfonic acids. In .some case's hydrolysis 
occurs by exposures to moistures of the aii-. Sodium alkoxides or jjhenox- 
ides give ethers.*”® Amines*®®’ *“’ are alkylated by alkyl sulfonates as 
they are by alkyl halides. 


ROR 

\ 

NiiOU\^ 


ROH 

NaOlI 

ArSOaR' 


R'- 


\ 


IF 


H'NHj 


NaOAr, 

ArOR 


h'jNH 


[R;,NR]+ArS()3- 


ir 


R 


Nib 


R' 


Nil 


ArSOs 


ArSOa 


> 

NaOn 



> 

NaOlI 


R'oNR 


The formation of quaU'rnary ammonium .sulfonate's has been use'el fen 
the identification e)f amines.*®* Alke)xymagne.wium haliele's, in.ste'ael eff 
giving ethers as do the se)elium alkoxiek's, give alkji halide;s *“® from their 
reaction with alkyl esters of are)matie'. sulfonic aeids. 

2ROMgX (RO)2Mg + MgX.. > 2R'X -t- (ArSOaloMg 

The formation of sulfide's (j). Srst) and sulfe)ne!S (p. 874) by the reaeiions 
of meneiaptieles and sodium sulfinate's with alkyl sulfonates has ah-eady 
been mentioned. 

* This chapter contains no separate discu.ssion of alkyl Bulfatc.s, but the-ir structnre 
/ O \ 

/ 

I KOSOK I is closely related to that of sulfonic esters and the reactions of the two scries are 

I i / 

therefore comparable. 

30® Kastlc and Murrill, Avi. Chem. 17 , 290 (1895) ; Kastle, Murrill, and Frazer, 
ihuL, 19 , 894 (1897). 

307 Ullmann and Wenner, Ann., 327 , 120 (1903); Foldi, livr., 55 , 1535 (1922). 

30« Marvel, Scott, and Amstutz, J . Am. Chent. Soc., 51 , 3038 (1929). 

309 Mine, J. Chem. Soc. Japan, 55 , 1108 (1934) [(\ A., 29 , 7040 (1935)]. Cope [J. Am 
Chern. Soc., 56 , 1340 (1934)J has observed a similar reaction with alkyl sulfates. 
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C-Alkylation. The alkyl esters of aroiiiatle sulfonic atiids appear 
to bo satisfactory reagents for the alkylation of active motliylene com- 
pounds, although they have not been widely used for this purpose. 

ONa 0 

I II 

ArSOsR + Cll 3 C=CIICOOC 2 H 5 -> ArSO^Na + Cl I 3 C— CIICOOCsIIs 

I 

R 

The reaction of sulfonates with Grignard reag('nts has been thor- 
oughly studied.'*®’ Alkyl ('sters of aromatic sulfonic acids react with 
both aromatic and aliphatic; Grignard n^agents, gi^'ing the hydrocarbon 
(.‘10-70 per cent) and haloniagnesium sulfonate;. The latter is responsible 
for the side rc'action which gives alkyl halide as a by-produc-t. 


ArSOsCIls + RMgX-> 

f«)r 

ArMgX) 


ArSO:;M!rX+ RCII3 (or ArClIs) 

.It AiSOsOn., 

^ 


CH.jX+ArSOalMpiX 


This reaction is the basis of in(;thods for lengthening the cai'bon chain 
by tlu'C'e carbon atoms .and for pi'cparing p-alkylbromobenzenes.^*^ 

ArS03tni2CIl2t’ll2Ul + RMgX ArSCbMgX + RCII2CII2CII2CI 

(.‘lO-tJO' t ) 

ArSOJl + />-llrCfiIliMgl 5 r ArSO.tMgHr + p-BrCJI,R 

Aryl esters of aromatic sulfonic acids**" do not re.acl with alkyl- 
m.agiu'sium halides; with aryhnagnesium halides the ])roducts are 
diarylsulfones (40- 8.^) i)er cent). 

0 

T 

Ar -8 -Ar' + Ar'OMgX 

ArSOj.\r'— ! 

UMrX 

> ]\o reaction 

Alkyl esters of alipluitie sulfonic acids p\ (‘ bolli ty])es of the re- 
actions d(‘S(‘]‘il)(‘(l a.l>ov(‘. lOthyl et-hanesulionale naii'ts with ])h(Miyl- 
rnag;n(\siuni bromide' to giv(' a sulfone as the major product, although 
some ethylbenzene is foiined. 

Nair and IVacock, ,/. J nclinn CJum. Soc,, 12, aiS (1935^ [O. A., 29, OSSl (19.^5)]. 

31’ Gilman and Boalx^i, ./. d?/?. Chem. Sac., 47, 5‘JO (1925) ; Giliiiau, BeaVxn-, and Myors. 
Cud., 47, 2047 (1925) ; Gilman and Heuk, ibid., 60, 2223 (1928) ; Mine, J . Chem. Sac. Japan 
55, 1087 (1934) [G. A., 29, 5427 (1935)]. 

3111 Rossander and Marvel, ./. dw. Chem. Sac., 60, 1491 (19281. 

313 Copenhaver, Uoy, and Marvel, ibid., 57, 1311 (1935). 
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CzITdSO, C alls 




-> 


-> 


o 

T 

CcTls— S— CaHs + CaHsOMgBr 
O 

CVIIs-Calls + CaTIsSOsMgBr 


Fries Rearrangement. The fonnation of a sulfone from the troat- 
mont of 7)-folyl boiizc'iK'KuIfoiiatc with anhydrous hydrogen fluoride is 
analogous to the well-known Fries rearrangciment of aryl esters of car- 
boxylic acids. 


Clb 




O 



IlF 


> 


0 

I t 

0—S— Coils 

i 



-CgHb 


Oil 


I 

o 


u 


Reactions of Sulfonyl Halides 

With — OH Compounds. Hulfonyl halidi's are hydrolyzed slowly by 
water, rapidly by alkali. They react readily with alcohols (o give 
esters. Aryl eslc'rs a,r(‘ prepared by u.sing a salt of the phenol or, better, 
by the use of pyridine ■*’** as a solvent. 

2N!ion 

I > RSO,,Xa + NaCl + JbO 

() 

icon t 

— > K— S— UR' + HCl 

i 

O 

o 

ArOIT t 

R-S-OAr + CoIIbN HCI 

(CyitiS) I 

0 

With Amines. The most common use of the reaction of amines with 
sulfonyl halides is in the familiar llin.sbcrg test for distinguishing 

Simons, Archer, and Randall, iUid., 62 , 4S,'j (li)lO). 

Kiafit and Koos, Her., 25 , 22.".5 (1892) ; 26 , 2822 (1892) ; Krafft, Bcr., 26 , 2829 (1892) 
’**’ Sekera and Marvel, J. Am. Chcm. Site., 55 , 345 (1922) ; Sekera, ihld., 65 , 421 (1923) 
Hazlct, ibid., 69 , 287 (1937). 

Ilinsberg, Brr., 23 , 29C3 (1890); Hin.sbcrg and Kessler, Bcr., 38 , 906 (1905). 


0 

T 

R— S— Cl 

1 

o 
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primary, secondary, and tertiary amines. The reaction may also be 
applied to the separation of amine mixtures and to characterization of 
aminc^s or sulfonyl (chlorides. In the case of primary amines, disulfonyl 
derivatives are sometimes import.ant by-products, but these ma^^ be 
converted t-o simple sulfonamides by alcoholysis in the presence of 
sodium ethoxide. 

JCNH2 NuOlT , 

-> RSO.NIIir ) [RSO^Tl']-Na+ (RS02)2NR' 


RSO 2 CI 


NaOII K'oNH 


NaOC^ails 

> RSO 2 NR /2 — InsolubUi in acids and bases 


R'aN ^ 


No reaction 


With Enolates of Active Methylene Compounds. Wlani jMoluene- 
sulfonyl chloride is allowed to reacts with the.' sodium derivative' of ethyl 
acetoacetale,''^^^ it appe^ars that the first step is r('du(‘tion of the chloride 
to the sulfinate; subsc'queiit reactions lead to th(' formation of tolylsulfo- 
nylacetic- ester and diacetylsucciiiic ester. Similar results are reported 
with malonic ester. 


ONa 


RSO 2 CI + CH,C--C1TC()0C .115 RSO .Na + CH 3 COCHCICOOC 2 II 5 

I II 111 \ 

ch,-,cooc.H 6 + rcir/xjcncooojii, 

RS()-CH .C'()OC,,Hi * 


SO,.R 

Not isolated 


CIT.COCITCOOC.Hs 

1 

Cn3COCHCOOC..Hi 


With Organometallic Compounds. The activity of sulfonyl halides 
a.s halogenating agents, shown abovc^, is also observed in their reactions 
with zinc alkyls •''‘® and sodium acetylides,^-'* which j^roduce replacement 
of metal by halogen. 

2 RSO 2 I + (CJsHsloZn (RS 02 ) 2 Zii + 2 C 2 H 5 I 

RSO 2 CI + t'.6n-,C=C— Na ^ RS02Na + CsHsC^CCl 

The reaction of sxdfonyl chlorides with an equivalent amount of the 
Clrignard reagent. at, low temperatures gives siilfones (up to 35 per 
cent) as well as products analogous to those from other organometallic 
compounds. 

Kohler and MacDonald, Am. Chem. J., 22. 219, 225 (1899). 

Otto and Trogor, Bcr., 24, 488 (1891). 

320 Tnichct, A?in. chirn.., 16, 300 (1031); Murray, J. Am. Chem. Soc., 60, 2662 (1938) 
Gilman and Fothergill, J. Am. Chem. Soc.^ 51, 3501 (1929). 
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0 

T /X 

— > Cells — S — II 

i ^C1 

C6H5SO2CI + RMgX — I 0 

C«[lr,8()2MgX + RCl 


When the sulfonyl chlorides are treated with an excess of the Grignard 
n^agent, then gciiitly h(iat('d, the sulfiiiale is converted to sulfoxide and 
other products.®-^ ’ 

O 

T 

CellsSOsMgX + RMgX -> CcHsSR + (MgX)20 


The reaction of sulfonyl fluorides with the Grignard reagent has l)een 
the subject of a controversy.^-^ The formation of sulfones and disulfones 
has been reported. 

CcHfiSOsF + CIIaMgl — > C6H5SO2CH2SO2C6II5 

I 11 t 

i u I’ 

MgXz + C6TT6SO2CII, - ■> [C6lhS()2Cll2]-MgX' + CII4 

Other Reactions. The reaction of sulfonyl halidc^s with luercaptans 
and thiophenols is not analogous to the i*eaction with alcohols a>nd 
phenols and will bci consid(*rcid in tlui scullion on tliiolsulfonic esUa’s. 
The preparation of thiophenols (p. 844) and sulfinic acids (]>. 914) l)y the 
reduction of sulfonyl halides is described (4smvh(a(i. Alijihatic; sulfonyl 
chlorides form a-halo d(‘rivativ(\s by a n^action analogous to the 11(41- 
Volhard-Zelinsky synthesis. Homci sulfonyl halides de(‘.ompose upon 
standing or under the influence of heat; a-toliuauvsiilfonyl chloride/^-*^ 
for example, gives bcaizyl cliloride and sulfur dioxide. 

Heat 

C6H5CH2SO2CI — > CcHhCbRCl + SO2 


Reactions of Sulfonamides 

Hydrolysis. In discussing the Ilinsberg r(‘aclion (p. 899) it- was 
mentioned that an important aj)plication was th(‘ sc'paration of amiiu's. 
The amines may usually be rec.overed from tlK‘ir sulfonamides in good 

Ilcpworth and Cdapliam, J, Ckcm, ^Soc., 119, 1188 (19121) ; Wedekind and Scdienk, 
Ber,, 64, 1G04 (1921). 

Steinkopf and Jaeger, J. prokt. Chem., 128, G8 (1980) ; Gibson, ibid., 142, 218 (1935) 
22^ Latimer and Bost, J. Org. Chem., 5, 24 (1940). 

226 Limpricht. Ber., 6, 634 (1873) ; Mohr, Ann., 221, 215 (1883). 
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yields ( 90-95 per cent) by refluxing (ton to thirty-six hours) with 25 
per cent hydrochloric acid.“® 

ArSOzNHR + HaO — i ArSOjII + RNHa-HCl 

|n,o 

Aril -f- II 2 SO 4 

a-Tolucnesulfonamides are very readily hydrolyzed and are therefore 
useful in synthesis.®^’ 

CoHsCIIaSOaNRa + 2 HC 1 -» CclRCfToCl -|- SO2 + RaNH IlCl 

Sulfonamides obtained from secondary amines undc'rgo this reaction 
mor(^ readily than tliosc' from primaiy amiiK's. Acid liydrolysls of nitro- 
IxaizeiKisulfonamides is cxtrenu'ly difficult. 

The n'action of sulfonamides with cold afiucous alkali to form salts 
is a familiar one (see p. 800). The aeddity of sulfonamides may be at- 

0 

T 

Iributed to the electron-attracting proper ti(!S of the R — S — group, and 

i 

O 

tlie structure of the anion is subject to the same considerations advanced 
in the discussion of sulfones (j). 880) except that N replaces C. 

]\T()st- sulfonamides are not- chan^(Hl by drastic treat-nnait with alkali 
benzenesiilfonaiiilide is unaffectcHl b}" fusion with 80 i)er cent so- 
dium hydroxid(^ at 250°), but the ])r('sence of a nitro group in the oriho 
or para position ca,us(\s them to undergo alkaline hydrolysis.-'^’ 
Ck'avagc' occurs bet w(‘en sulfur and (*ai*bon, rather than betwecai sulfur 
and nitj’ogen as is the case in acid hydrolysis. 

Sfy; NaOTI Naon 

O2KC6II4SO2NIIR - ^ 02NCf>H40Na + RNnS02Na ^ 

RNHo + NasSO^ 

Halogenation. Sulfonainides react readily with halog(ui in alka- 
line solution to give N-halo and N,N-dihalo derivatives. 

R8O2NH2 + NaOX TI2O + [R,S02 NX]-N:i+ 2 NaOII -f RSO2NX2 

I H- 1120 

RSO2NHX -t- NaCl 

326 Schroiber and Shriner, J. Am. Cfirni. Soc., 66, 1018 (1934). 

Johnson and Ambler, ./. Am. Chem. Soc.^ 36 , 372 (1914) ; Johnson and Bailey, J. Am. 
('hvm. Hoc., 38 , 2135 (1910). 

328 Schreibor, and Shriner, J. Aw. Chern. Hoc., 56, 090 (1934). 

Chattaway, J. Chem. Hoc., 87 , 148 (1905). 
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“Chloramine-T” (sodium N-chloro-p-tolutmesulfonamide), “Dichlor- 
amiiuvT” (N,N-dichloro-p-toluencsulfonamidc), and “Halozone” 
(p-H00CC6H4S02N(]l2) arc useful antiseptics. The halogen of N-halo- 
sulfonamides is “positive” in character; it is therefore nimarkable that 
a salt such as Chloramine-T ( [CIl3C6n4S02NCl]~Na‘^) should be 
stable. 

The N-halosulfonamides add to olefins, forming jS-halosulfona- 
mides. 

Br Br CH 3 

I I I 

C 6 H 6 Cn=CHCH 3 + CsHfiSOsNCIIs CcHitTI— CTI— N—SOaCsHs 

CII3 

By carrying out the reaction in th(^ I>resence of alcohols or acids the 
main i)roducts are /3-halogen ethers (80-95 per cent) or estcTs. 



+ RSO2NCI2 


I llOH ^ 


O 

li 

KC— ( )H 
> 


_C—C— + RS02NnCl 

I I 

Cl OR 


C - 4 - RS02NIIC1 


Cl OC 



Dihalides and /3-chlorosulfonamides an* by-producls of these reactions. 
In the reaction of unsynmieti'ical olefins with N-bromo-N-alkylsulfona- 
midcs the bromine atom takes the same j)osition as in thc! “normal” 
addition (Markownikoff’s rule) of hydrogen bromide, but with N,N-di- 
bromoamidcs “abnormal” addition occurs.®’* 

Alkylation. The salts of sulfonamides or N-alkylsulfonainid('S are 
alkylated by alkyl halides or alkyl sulfates.”® 


RSO 2 NH 2 [RS02Nn]-Na+ -^> RSO 2 NHR' 


[RSO 2 NR']- Na+ 


1{'X 


> RS02NR'2 


This reaction is useful in the synthesis of amines.®®^ 

Foldi, Der., 63, 22.57 (1930) ; lakhosherslov et al., J. Gen. Ghein. (U.fi.S.R.), 8, 370 
(1938); ibid., 9, 2000, 2012, 2085 (1939); AcUi Univ. Voroneniensis, 9, No. 3 (1937) K'- A., 
32, 5309 (1938); 34, 4380, 4381, .3073 (1940); 32, 7018 (1938)]. 

Kharasch and Priestley, J. Am, Chew. *Soc., 61, 3425 (1939). 

332 Hinaberg and Strupler, Ayin., 287, 222 (1895). 

333 Pschorr and Karo, Ber., 39,3140 (1906). 

33^ Carothers, Bickford, and Ilurwitz, J . Am. Chern. Sac.j 49, 2008 (1927). 
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Reaction with Aldehydes. Kilhor acids *** or bases catalyze the 
H'action of sulfonamides and N-alkylsulfonamides with aldehydes. The 
types of products formed may be illustrated with formaldehyde. 


RSOzNHa + CH2O 


RSO2NHCH2OH 


< 


(RS02NH)2CH2 

(RS02N=CIi2)„ 


n = 2 or 3 

CH3 


2RS02Nncii3 + ch2() -> (RSO 2 N— )2cn2 


A variety of aldehydes have been used in this reaction. Synthetic 
resins may be so obtained.*^® 

Sulfonhydrazides. Alkaline hydroly.sis of N-acyl sulfonhydrazides 
has b('en applied to the synthesis of aromatic aldehydes; aliphatic 
aldehydes cannot be prepared by this method. 


0 

I! 

ArCNHNHs 

or 

C6n5S02NIINIl2 


CcUsSOsCH 


ArCX'l 


0 0 

II T 

Ar-C— NH— NHRCcHb 

1 

O 


Na2C03 

1 (•»()'’ in 
glyct'iol ot 
ethylene glycol 


o 

II 

Ar-C-lI + N 2 + C6H5S02Na 


N-Alkylsulf()nh3^drazides give h^^droearbons upon h^^drol3^sis.•'*'^® 
RSOzNlINlIR' + NaOTI -> RSOoNa + JhO + xXg + R'TI 


Other Reactions. Th(', sulfonamides, sulfonjd chlorides, and thiol- 
sulfonic est(TS are the only sulfonic acid derivatives which can be re- 
du(*(d. The reduction of sulfonamides requires hydriodic acid in a 
bt^aled tube with phosphonium iodide as a catalyst. 


ArS() 2 Nn 2 + 7HI > ArSII + 3 I 2 + NIIJ + 21120 

PIUI 

335 MoMastcr, ihid., 66, 204 (19;!4). 

Can. pat. 303,097 [f. A., 24 , 551S (19.30)]. 

Waller ct al., Kollnid licihcfle, 40 , 1, 29, 45 (1934) [('. .4., 28 , 7560 (1934)]; Hug, 
Ihdl. s(tc. chim., [5] 1 , 990 (1934), MacFayden and Stevens, J. Client. <S'oc., 584 (1930); 
Buchinan and Richardson, J. Am. Client. Soc., 61 , 891 (1939,); Natclson and Gottfried, 
i>nd., 63 , 487 (1941). 

’“Arndt and Scholz, Anti., 610 , 02 (1934); C'offey, J. Cliem. Soc., 037 (1920). 
Fischer, Ber., 48 , 93 (1915). 
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Sulfonamides react with nitrous acid and diazonium salts.®^®’ 
Sulfonazidcs arc mentioned elsewhere (p. 929). 


Specific Sulfonic Acid Derivatives of Importance 

The formation of isethionic acid, ethionic; acid, and carbyl sulfate 
has been discussed in Chapter 3. Mcsthionic acid b(4iaves as an active 
methylene compound.®^® Tauritu; (x^curs in coml)inalioii as taurochohe 
acid in the bile. Sodium iodomethanesulfonate (Abi’odil) is opaque; to 
X-rays and is then'fore useful in x-ray therapy. Saccharin is a sulfoni- 
mide. (.-ompounds of great mt'dieanal importance aie sulfanilamide, 
sulfapyridiiie, sulfathiazole, and sulfapyrimidine (sulfadiazine), which 
are useful as specifics for strei)to(;occic, pueumococetic, and other in- 
fections.®'*® 


HOCH2CTL..SO3H 

iBcthionic acid 

C1T2(S03H)2 
Mctbionic acid 

ICH 2 S 03 Na 

Abrodil 


nOsSOCIliCHjSOsII CII2— SO2— o 

Ethionic acid j j 

CITo -O- S()2 

C'arl)yl sulfate 

Tauiine 




Sulfapyiimidine 

Hinsberg, Ber., 27 , 598 (1894). 

Key and Diitt, ./. Chem. Sac., 2085 (1928). 

vSehroter and Ilerzbcig, Bcr., 38 , 3393 (1905) ; Francliimont and Klobbie, Ri c. 
trav, chilli., 9 , 233 (1890). 

343 Northey, Chnn. Rev., 27 , 85 (1940). This contains a comprehensive survey of 
about 200 references to compounds of the sulfanilamide type which aie of chemotherapeu- 
tic interest. 
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X. THIOLSULFONATES ♦ 


General Characteristics 

Thiosulfonic acids are unknown but their salts and alkyl derivatives, 
corLsidc;red here as esters, may be pi'epared. Tlu^ strindun^ of the (\sters, 
whieh are also callc'd disulfoxid(\s, will be eonsidc'red aft(‘r tluur chemistry 
has been discuss(Kl, but in tlu^ UK'antime tluy will b(^ assumed to have 
the structure A. Tlie structun' of siilts will be wi’itt^ai as in B. 
l^his is an arrangcunent of conveni(‘nce and is ad()])ted b(K\MUsc the diva- 
lent sulfur is involv(‘d in most of the I’eactions of the salts. Thci con- 
vention should not. Ix' regarded as having any moj*e s|)eciti(^ ni(\‘ming, 
since in the thiosulfonatc^ anion (C') tlu' el(H*tronic configurations of tlie 
divalent sulfur and of oxyg(ai are similar. 


Na+ 

A B C 


0 

T 

R-S— S-R 

1 

O 


o 

T 

R— S -S—Na 

! 

o 


:(): 

R: S:S: 
: 0 : 


The salts arc' ciystn.lline, watc'r-solubic' solids. The' lovvcir-molecular- 
weight alkyl ('sters of alkanc^thiosulfonic*. acids are licpiids hc^avier 
than water, with a vc'ry uni)l('as{int odor. Thc.'y cannot be distillc'd 
without decompositiem but may bc^ stc'am-distilk'd. Those of high 
molecular weight, are odoi’lc'ss solids. The aryl estej*s of aromatic 
ihiolsulfonic acids are usually crystalline solids. Sonici of these 

comiKHinds bc'cornc' (X)lor('d upon exposures to light but bc'coine c'olor- 
Ic'ss again u]K)n standing in thc^ dark (phototropy). This phenomenon 
is attributc'd to the presence of small amounts of disulfidc's as im- 
purities. 


* The naiiu' “thiol si ilf on ate” used lierci in the noinenchiture of the esters bceause of 

the analogy with thiol esters <jf <-ail)Oxylie acids (p. 9’M)). d’heoretieally, oilier thio (but 


not thiol) sulfonic esters are possible 



The structure of the salts (formula C 


above) is such that their designation as thiol or thiori derivatives would be meaningless, 
and the salts are therefore named as thiosulfonatcs. 

3«Otto, Ber., 15, 1“1 (hSSl>). 

Otto, Afut., 145, 13, 317 (1808) ; Fromm and Palma, Bcr., 39, 3308 (1900) ; Hilditdi, 
J. Chnn. Boc., 97, 1091 (1910). 

346 j^(,rc and Smiles, J. Clicyn. Soc., 126, 2359 (1924); Gauiitlett and Smiles, ihid. 
127, 2740 (1925). 

Ghild and Smiles, ihid., 2090 (1920). 
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Methods of Preparation 

From Suldnic Acids. Free sulfinic acids decompose * slowly, giving 
sulfonic acids and thiolsulfonic asters. The decomposition may be 
hastened ^ by bent and aqueous acid and the reaction is used for the 
preparation of thiolsulfonic esters. 

3RSO2TI > RSO3H + RSO2SR 

arid 

The sodium salts of tliiosulfonic acids may be obtained from the 
reaction of solutions of the sodium salts of sulfinic acids with sulfur. 

RSOsNa + S RSOsSNa 

The sodium or potassium thiosulfonat(\s p;ive the corresponding esters 
when tr(iat(^d with reactive alkyl halides or alkyl sulfates. 

RSOaSNa + R/X -> RSO 2 SR' 

The armnonium salts of sulfinic acids decompose, ])roducts 
similar to those obtained from the free acids. 

RSO2H 3RSO2NTI4 RSO3NIT4 + RSO2SR + 2NH3 

This is also similar to the reaction of pheiiylhydrazine with sulfinic 
acids. 

3RRO2II + CeHfiNHNTTo RS02NnNHCGH3 + RHO2SR 

The silver salts of sulfinic acids, prepared from the reaction of the 
sodium salts with silvcT nitrate, react with sulfcuiyl halides to 

give thiolsulfonic esters. 

AkNOs ll'SBr 

RSOaNa - -4 RSOsAg - > RSOoSR' 

The silver sulfinates are gcuierall}^ not stable in air for long peuiods of 
time and should be prepared immediately befon^ use. This nu^thod 
appears well suited for the synth(\sis of unsymnu'tTictal thiol esters, in- 
cluding aryl derivatives which cannot be obtaiiu'd from th(^ sodium 
thiosulfonates by the other methods d(\s(*ribed al)ove. 

* It is reported, however, that pure sulfinic acids may be stored in a desiccator without 
decomposition. [Autenrieth, Ann., 269 , 302 (1S90).] 

Smiles and Gibson, ibid., 126 , 180 (1924;; v. Braun and Weissliach, Bcr. 63 , 2vS3G 
(1930). 

Troeger and Grothe, J. jmikt. (Item., [2J 66, 473 (1897). 

Gibson, J. Cham. Soc., 2037 (1931). 

Hiilssig, J. prakt. Chem., [2] 66, 213 (1894). 

3S2 Escalas, Bcr., 18 , 893 (1885). 

Gibson, Miller, and Smiles, J. Chem. Soc., 127 , 1821 (1925). 
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From Sulfonyl Halides. UnsymnH'trical thiolsulfonic osiers may also 
be prepared satisfac^torily (80-90 per cent) by the reaction of sulfonyl 
iodides with silver meiHiaptidcs.*'*’ • *•''* 

llSOoNa — ^ Nal + llSOal RSO..SR' 

In the more reactiv('. sulfonyl iodides, decomi)osili()n may liboraie free 
iodine \vlii(‘h oxidizes the miTcapiide to the disulfide. The method 
tlioi*efoi*e gives the best results when stal)le sulfonyl iodidc's are used 
and when the (corresponding disulfide is solubkc in water and tluTefore 
readily removed. 

It should perhaps be mentioned at this point that, the reaetion of 
sulfonyl ehlorid(\s with sulfhydryl (compounds is not generally a satis- 
factory nuThod for the })reparation of thiolsulfonic est.(‘rs, although 
small yic'lds (up to 25 per cent) may be obtained in the pr(\seiu*e of 
pyridine.’'^^ 

KSOoCi + R'sii + C5TI5N KSOaSR' -f 

The chief products of the i-(*a(ction are usually sulfinic acid (RSO 2 H) and 
disulfide (ll'SSK/)- R- i'^ lik(‘ly that the (‘st.er is th(c precui’sor of these 
but that it r(\‘icts with th(‘ mercaptan (p. 908) to give the chu'f products. 

Salts of thiosulfonic acids anc obt.ained from the reaction 

cT sulfonyl (*hlorid('s with sodium sulfide. Th(c reaction occnirs in two 
stages. Tlie first is the rc'duction of the sulfonyl chloride^ to sulfinabc 
with pr('(‘i])ilati()n of fiiu'ly divi(l(‘d sulfur. Ui)on heating the solution 
the sulfur slowly dissolves with the formation of a thiosulfonate. 

RSO.Cl + XaoS NaCl + RS( ),Na + H -> RS02SNa 

From Disulfides. Cautious oxidation of disulfidc'S with h^^drogen 
peroxid(‘ at room teinix'iature prodiuces thiolsulfonic csters.^*^^' 

R— S~S~-R > R.SO 2 SII 

Arotir, acid 

Tetrahalides of sonne disulfidccs may be obtained by the reaction of the 
disulfides with bioinine or iodine. These are hydrolyzed to thiolsul- 
fonic esters by waiter or silver nitrate. 

HOH 

R-S— S-~R + Bro -> (RS Br2)2 > RSO28R 

However, see Kohlhase, J. Am, (^hem. Sue., 64 , 2441 (1932). 

Spring, Bcr., 7 , 1157 (1S74) ; Otto, Ber., 13 , 12S2 (ISSO) ; Fromm and Erfurt, Bcr., 
42 , 3S1G (1909). 

Hinsberg, Ber., 41 , 2830 (190S) ; Ber. 42 , 127S (1909); Kolhatkar and Bokil, J 
Indian Chem. Sac., 7 , 843 (1930) [O. ..t., 25 , 2126 (1931)]. 

Fromrn, Z. angew. Chem., 24 , 1125 (1911). 
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^ Other Methods. The hydrolysis of sulfenyl chlorides or sulfonic 
esters (p. 921) gives thiolsulfonic esters, but the reaction is not suited 
for preparative work be(!ause half of the; product is a disulfide, which is 
difficult to separate from the thiolsulfonic es1,er. Oxidation of mercrap- 
tans by nitric acid w<is the earliest method for the prei)aration of 
these compounds. Thiolsulfonic, esters are among the products of 
electrolytic oxidation of sulfides, disulfides, and sulfoxid(!s. Retene- 
sulfonyl chloride gives the thiol ester by treatment with zinc dust in 
benzene. Thiolsulfonic c;sters ar(' among the })roducts obtained by (1) 
the reaction of the salt of a thiolsulfonic acid \vi(h ethyl chlorocarbo- 
nate,®®! (2) hydrolysis of sulfonyl iodides,®®- and (o) tre^atnumt of -m-uitro- 
bcnzenesulfonyl chloride with aluminum (thloridc; in carbon disulfide.®®® 


Reactions 

In most of their reparations, thiolsulfonic ('sters an' thioalkylaling 
agents. The cleavage of both alkyl thiolsulfonate's and aryl thiolsulfo- 
nates, therefore, is com[)arable to that of aryl esters of sulfonic acids. 


O 0 0 

t t T 

R-S—O - Alkyl R— 8 0— Ar R-S -B— Alkyl 

J, » .t J, 

O 0 0 


o 

t 


R— B- S— Ar 


i 


O 


With Sulfhydryl Compounds. »Bulfhydryl compounds,®®® sodium or 
potassium mercapt ides,®®® or zinc m(!r(paj)tides ®®® react with thiolsulfonic 
esters to give disulfides. 


O 

T 

RS— SR' -f R'BH 
0 


Solid KOI I 

— ^ 

111 ellior 
at 


RBOsTv + K'SSE/ + HoO 


This reaction is probalily resiionsible for the difficulties alnmiy noU'd in 
the preparation of thiolsulfonie (\st('rs from n^ac^tions using m(‘r(*.aptans 
or mercaptides. 

Milrcker, Arm., 136, S.S (1805). 

359 p^ichter and Sjosledt, Brr., 43, 0422 (1910) ; Fiohtcr anti Wonk, 45, 18711 (1912) 
Hasjsclst roni and Bofi;ert, ,/. Arn. (hem. Bnc., 57, 1579 (1935). 

Otto and Rossing, Bcr., 24, 1147 (1<S91). 

Otto and I'roger, Ber., 24, 478 (1891). 

363 Linipricht, Ann., 278, 239 (1895). 

384 Pauly and Otto, Ber., 10. 2181 (1877). 

365 Gilman, Smith, and Parker, J. Ain. Chem. Boc., 47, 851 (1925). 
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Hydrolysis. Treatniont of thiolsulfonic ostors with dilute aqueous 
alkali gives sulfiuates and disulfides. Sulfenic acids may be inter- 
mediate prodiKits (rf. p. 921). 

3RSO2SII + 4NaOn -> RSSll -f 4RS02Na + 2II2O 

With Grignard Reagents. Under mild conditions (so that the initial 
cleavage products ai’c not fm'lh('r atta(!k('d) both alijihatic and aromatic 
Grignard niagents giv(' sulfinates and sulfides when they are allowed to 
react with thiolsulfonic esters.®®*” ®®" 

RSO2SR + R'MgX RSOaMgX + R'SR 

Reduction. I’he common o(H*virrence of sulfiiiic acids among the 
cleavage products of the reactions already discussed is indicative of the 
ease of reduction of thiolsulfonic e.sters. Metallic zinc.,®**' ®®® zinc in the 
presence of acid,®^*’ ®'‘®’ ®®® and hydi ogen sulfide; ®®'* also cause reduction. 

(RSOslaZu + (RB)2Zn 

Zu 

RSOoSR - ■ -> RSOoTl + RBH 

Zii i lU'l 

> RBO2H + RBII + S 

ir^s 

The formation of the salt of a thiosulfonic acid from the reaction of the 
('ster with potassium sulfide •®'" need Tiot be considered a type of reaction 
different fi'om the others but. may be due to the rea,ction of the salt of 
the sulfinic acid with sulfur. 


RSGzSR + K2B RBK + RBO2K + S RSOsSK 

In th(' presence of i)otassium cyanide,®'*' the thiosulfonate is not formed. 

RSO2SR + K2S + KCN RSK + RBO2K + KCNS 

Other reagents which have bet'u re])orted to reduce, thiolsulfonic esters 
ai'e hydrobromic and hydriodic acids ®*® and sodium arsenitc.®'** 

Pauly and Otto, Brr., 11 , 2073 (1S7S); Otto and Ptissing, Brr., 19 , 1235 (ISSG) ; 
Zincke, An?)., 391 , 55 0912) ; Ann., 400 , 1 (1913) ; A?tn., 406 , 103 (1914). See also Fromm 
and Erfurt, Kef. 355. 

•ifiv ivlillur and Smiles, . 7 . CJiern. *Sur., 127 , 224 (1925), 

Otto, Bcr., 13 , 1282 (1880) ; Paidy and Otto, Bcr., 10 , 21.81 (1877) ; Otto and Rossing, 
Bcr., 20 , 2079 (1887). 

Otto and Kossing, Bcr., 20 , 2090 (1887) ; Smythe and korstcr, J, Chern. Soc.^ 97 , 1199 
(1910). 

370 Otto and R(xs.sing, Bcr., 19 , 3129 (1880). 

371 Gutmann, Bcr., 47 , 035 (1914). 

372 Sehiirmann, B( r., 47 , 1195 (1914). See also Fromm, Kef. 357. 
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Oxidation. Oxidation of thiolsulfonic esters by permanganate in gla- 
cial acetic acid ^ gives sulfonic acids. a-Disulfones are formed when 
hydrogen peroxide in acidic anhydride is used as an oxidizing agent. 


RSO2SR 


KMn 04 


H2O2 


-> 2 RS 03 n 

0 0 
T T 

-> RS — SR 

1 i 

0 o 


With Active Methylene Compounds. The sodium derivatives of 
some enols undergo thioalkylation by the action of thiolsulfonic 

esters. The reaidion may be illustrated with ac^etylacetone. 

()— Na 

RSO2SR + C^HsCWCHCOCIIs RSOoNa + CIl,iCOCHCOCH.i 

SR 


A second thioalkyl group may be introduc'd. A varii't}' of active mt'thy- 
lene compounds, including disulfonyhnethanes, have beam subjected to 
this reaction. In some cases the reaction gives disulfidi'Sj^'** as would be 
expected fi'om the action of alkaline reagi'iits upon thiolsulfonic esters. 
In these cases sodium carbonate or sodium acetati^ may be active enough 
to bring about reaction bi'twei'ii thi; active^ imdhylene compound and 
the thiol esters. This reaction has beiui useful for the synthesis of many 
compounds whiiii cannot be obtained by other methods. 

With Phenols. The salts of simple jdienols cause formation of di- 
sulfides from thiolsulfonic esters, in accord with the usual behavior of 
alkaline reagents. How'cver, the dihydroxy and trihydroxyl)enz(>nes, 
naphthols, and hydroxyquinolines undt'rgo thioalkylation, giving sul- 
fidcs.S’S- 


Oil 


HO—' 



—on 


+ 3RS(>.SR 


OH 



+ 3RSO2H 


Brooker and Rmile.s, J. Chem. Soc.^ 1723 (192G). 

Chivers and Smiles, ihid., 097 (1928; ; Gilison, 'ihid., 2637 (1931) ; ibid., 1819 (1932) ; 
Cowie and Gibson, ibid., 306 (1933); 46 (1934); Gibson and Loudon, ibid., 487 (1937); 
Gibson, J. Am. Chem. *Soc., 56 , 2611 (1933;; Gibson, J. (Jhem. *Soc., 983 (1938). 

Stevenson and Smiles, J. Chem. Soc., 718 (1931). 



ORGANIC SULFUR COMPOUNDS 


911 


Sulfonyl Interchange. Thiolsulfonates react with salts of sulfinic 
acids with an interchange of sulfonyl groups. As shown below, the 
reaction does not always occur but depends upon the relative react ivitii^s 
of the compounds involved. 


NO 2 NO, Cl 




Other Reactions. The salts of thiosulfonic acids are converted to 
lhioanhydrid(\s of sulfonic acids by the action of iodine.^'* These may 
also be regarded as oxidation products of polysulfidcs, which they re- 
semble in their ease of intc’rconvcusion. 


RS02SNa + I 2 


RSO 2 SSO 2 R + IISO 2 S 2 SO 2 R 

I II 


Jlerryptiillize from 

II — - > I + III 

aoetio acKl 


l + RS02f^3S02R 
in 

0 S O 

T T T 

R— S— S— S— R 

•>i >i ^ 

o s o 


IV 

Loudon and Tavingston, ihid., S90 (1935). 

377 Otto and 1’roger, Brr., 24, 1125 (1891). 
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Although recent work is lacking on the structure of these products, 
comparison with the polysulfides (p. 8G-i) suggests a linear arrangement 
in II] of three sulfur atoms with ail throe completely coordinated 
(IV). 

The nature of the action of phosi)liorus trichloride^® with thiolsul- 
fonic esters has not b('.cn com])letcly ('slablislu'd. The condensations 
brought about by treatment with conc;cntrated sulfuric acid and the 
products obtained by thermal decomposition,®’* with and without acetic 
anhydride, have been investigatc'd in detail. 

Structure of Thiolsulfonic Esters 

The foregoing discussion assximcd fhe structuie of thci members of 
this s(‘ri(‘s to be that of thiolsulfoTiic esters, "^rhey have* also been rc^garded 
as mixed anhydrides (1) and as symmetrical disulfoxides (11). 

O O O 

T t T 

R— S— 0— S— R R-S— 8— R 

I II 

Measiiromonts of the optical rotatory pow(‘r of unsymmetrical disiilf- 
oxidcs deriv(‘d from caiii])lior (('am — S 2 O 2 — R) tuv iiit-c^rpreted as 
showing that when the two groups ar(‘ diff(*r('nt the thiolsulfoiuitc' stnn*- 
ture is correct (Cam — SO^SCH^) Init that wlum they ar(‘ similar the 
disulfoxide structure is correct (Cam — SO — SO — C'am). Itc'sults with 
the derivative from cystine (p. 1132) are also intei*pret,(Hl on the basis 
of the disulfoxide structure. 

The usual reactions of this seri(\s (‘an l)est be ex{)lain(‘d on the basis 
of the thiolsulfonic ester structure. Spac(‘ does not jx^rmit a detaik^d 
discussion of the pertinent data, but a few ])oints are worthy of m(‘n- 
tion. Isomeri(i products may 1)0 obtained by the reaction of the ap- 
propriate sulfenyl chlorides with silver sulfmates. 


Cl ]^r Cl Br 



IM.p. 125^ 


378 Ililditch, J. Chem. *Soc., 99 , 1091 (1911). 

373 Smythe, ibid., 121 , 1400 (1922). 

380 Toeniiies and Lavine, J. Biol. Chevi.^ 113 , 571, 583 (1936). 
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Those isomers have different ohetnioal .and physical j)ropeifies. In niac- 
tions involving thioalkylalion (e.g., of active inelhylc'iie compounds) the 
HS group introduced is that originally ])r('S('nl. in th(! sulh'iiyl (ihloride. 
No (‘vid('nce of the inti-odnction of diffeixait gr(»ups (from RS080R') is 
noted. Tlu'sc indications of an unsymmetrical s( ructure * are also borne 
out by th(! rtiaction vith (Irignard reagc'iits. The anhydride structvin^ 
seems unlikely in view of the formation of thiolsiilfonic; esters fiom sul- 

O 

T 

fonyl chlorides and iodid(‘s, in which the strucUii-e R— S — X is un- 
questioned. O 


XI. SULFINIC ACIDS AND THEIR DERIVATIVES 


General Characteristics 

There are I'clatively few refer('nc('s to aliphatic^ sulfinic acids, f and 
sonu' of tJi(' fairly simple members of the series ai’e unknown. The 
aliphatic sulfinic acids are tiiick oils which decompose rajudly and are 
genej-ally isolated as zinc, baiinm, or oUkt salts. The aromatic sulfinic 
acids, though ap])arently mon', stabU' than the aliphatic, d('compose 
ui)on long standing (p. 9()()) and an* slowly oxidized to sulfonic acids when 
expos('d to air. 'rh(\y luv. weaker acids than t he (corresponding sulfonic 
acids and are less solubk' in wat,('r. 'I'Ikc free- aromatic sulfinic acids may 
usually be obtaimxl by acidifying acpieous solutions of tlu'ir salts. The 

* I'ho only otlier c\])humtj()iis would be il) that the two products are diastereoisorners 
resulting from two a.syTiiiiKdi le S atoms (p. 122 ), one isomer beingc form(‘d preferentially 
by each method of synthesis, and ( 2 ) that they alsti react diffeiently. While these condi- 
tions mi^ht be true in isoluted cases, it seems unlikely that they could be true (juantita- 
tively ill the larjije mimlxMs of representatives of the siuies known, d'he behavior of the 
Giignaid reagent (see Kef. d(io) is additional evideiic,e against these assumptions. 

t The Ktilfinie acids anil the radicals derived from them are named analogously to 
the sulfonic acids (see footnote on p. 88(>). Thus; C 2 H 6 S() 2 H, cthanesulfinic acid; 

O O 

T 1 

02116 — y — OCjHf,, ethyl ethanesulfinate; CIO — 8- (''H 2 OOOII, methylsulfmylacctic acid. 
Such names must be interj)ri't(‘d with caution when th('y are found in the early literature 
be(*au8e of the custom of naming .sulfonium compounds as sultines (see footnote on p. 867). 
Furthermore, some compounds leiiorted to be sulfinic esters are actualh^ sulfones. 
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more soluble members of the series may be isolated as their salts; the 
ferric salts are especially satisfactory for this purpose and have been 
used for the quantitative determination of sulfinic acids. 

In the older literature the structure of tin; sulfinic acids was a sub- 
ject of controversy. Some of the reactions mentionc'd below indicate 
the presence of an — OH group; others can best be ('xplained by assum- 
ing that the hydrogc'n is attached to sidfur. From the viewTsoint of 
modern theoi-ies of structure, no question of this sort, lUH'd be raised. 
Considering the sulfinaf e anion, both ox 5 '^gen and sulfur have unshared 
electron pairs and either atom may be; involved in reactions. 


:(): 

R: S:(): 


11 + 


O 

T 

The esters have the alkyl grou[) attaclu'd to oxygen (RS — OR), as is 
shown by their resolution (p. 421). 


Methods of Preparation 

From Sulfonyl Chlorides. Reduction of sulfonyl chlorid('S by zinc 
dust in water gives zinc sulfinates, from which sodium sulfinates or free 
sulfinic acids may be obtained. 

NajCOj 

— - -4 ZiiCOs + RSOjNa 

2 RSO 2 CI + 2Zn ZnCb + (RS02)2Zn--| 

' — > ZiiXa -1- RRCbH 

It has already been mentioned that sulfhydryl com])oimds may be ob- 
tained from reduction of sulfonyl chlorides ])y zinc and acids; this is a 
side reaction in the preparation of sulfinates, but good yields of sulfinates 
are usually obtained.**^ This method has been wich'ly ustal in th(' aroma- 
tic series. It is apiiarently satisfactory for aliphatic; compounds, but 
aliphatic sulfonyl chlorides have not bt'cn rciadily obtainable until le- 
cently (p. 889). 

Of the otlier reducing agents used, sodium sulfite is probably the 
most satisfactory.^*^ 

ArSOjCl -i- NazSO., + 2Nu0n ArSOaNa -f NaCl -f- Na. 2 R 04 + TRO 

3 ®^ Thomas, ./. Chan. 95 , M2 (1909); Krishna and Singh, Am. Chern. Sue., 50 , 
792 (1928); Mouwscu and Gebhardt, Bcr., 70 , 792 (1937). 

For example, Otto and Rdssing, Ber., 25 , 230 (1S92). 

Hobson, /luH., 102 , 73 (1857); Ann., 106 , 287 (1858); Whitmore and Hamilton, 
Org. Syntheses, Coll. Vol. I, p. 479 (1932). 

Smiles and Bere, Org. Syntheses, Coll. Vol. I, p. 7 (1932). 



ORGANIC SULFUR COMPOUNDS 


915 


In the section dealing with thiolsulfonic esters, ivactions were noted in 
which sulfonyl halid(w were rc'duced (o sulfinie acids (c'.g., the leaction 
of sulfonyl chlorides with niercaptans [p. 907]). Some of the reactions 
of aryl esters of sulfonic acids gav(* similar results (j). 895). Tlu'se art' 
not important from a prejiarative standpoint., however. 

From Diazonium Salts. A sulfinie acid is formed when an 
acidic solution of a diazonium salt is saturat.<'d with sulfur dioxide, using 
copper powder as a catalyst. 

ArN2-^y04H- + 2SO2 + 2 H 2 () -% ArSO.Il -+ N2 + 2H2HO4 

T'he yields are in some cast's vt'ry good but appt'ar to vary considt'rably 
w'ith the structure of the diazonium compound. 

By the Friedel-Crafts Reaction. Aluminum chloride catalyzes the 
rt'action of aromatic com{)ounds with sulfur dioxide to give sulfinie 
acids.»“' 

Aril + SO 2 ArSO.II 

From Organometallic Compounds. Alijdiatic, as well as aromatic, 
sulfinie acids may b(' prepared by tlu' rt'action of the Grignard 

reagt'iit with sulfur dioxide. The yit'lds an* generally rather low. 

//^ 

KMgX + Sf RSOoMgX 

X) 

Zinc alkyls behave similarly. Tetraethyllead givt'S a sulfone and sul- 
finate.®**® 

O 

T 

(C 2 n 6 ) 4 i’b + :{yc 2 0211,— s- -tt-iu 4 - (02115802)295 

i- 

o 

38&Gattonnann, Krr., 32, 1130 (1S90) ; Ger. 130,119 \(^hr??K Zrritr., 1, 959 (1902)]; 
I’roKor and Ilillo, ./. praht. Chnn., [2] 68, 297 (1903); ihui., [2] 71, 207 (1905); Todd and 
.Sliriner, J. Am. Chm. *Sor., 56, 1382 (1934); Hiiiin, ibid., 57, 2100 (1935) ; Sylvester and 
Wynne, J. Chem. Sor., 091 (1930). 

3SfiFiiedel and Grafts, Ann. chirn. phijs., [Oj 14, 442 (ISSS) ; Smiles and T^eRossigiiol, 
J. Chem. Snc., 93, 745 (1903) ; Knoevenapel and Kenner, lirr., 41, 3315 (1908). 

Kriinzlein, “Aluminiurnrhlorid in der organiseben Cheiiiie,” Verlag Cdieinie, G.M. 
B.H., Berlin (1932), 2nd Edn. 

llosenheiin and Singer, Ber., 37, 2152 (1901). 

Zuekschwerdt, Ber., 7, 292 (1874) ; Eranklaiid and Lawrence, J. Chem. Soc., 35, 244 
(1879). 
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Sulfuryl chloride reacts with the Grignard reagent/*® producing equiva- 
lent amounts of alkyl chloride and the sulfiiiic acid. 

2 RMgCl + SO2CI2 ^ RS 02 MgCl + RCl + MgClz 

Alkyl chlorosulfites rc'ac.t with the Grignard reagent to give alkyl 
esters of sulfinic acids (20-60 i)cr cent). 

0 O 

T T 

R-MgCl + Cl— S— OH H— 8 — OR + MgCla 

The formation of sulfinic. a(dds fi-om t.h(' reactions of or^anometallic 
comjKninds with sulfoiiyl chlorid(\s and with Ihiolsulfoiiie est('i\s has 
already been discussed (pp. 899, 909). Th(‘se an^ not genemlly used as 
prei)arativc methods. 

From Ethylene Disulfones. Tlu' cleavage of ethylene disulfoiu's by 
potassium cyanide (p. 883) is an excelh'nt method for the preparation 
of aliphatic sulfinat.es. 

BrOU CH Br H O 

2 RSNa ' > RSCH2CIT2SR — ^ > RSO2CH2CII2SO2R 

^KCN 

2RSO2K + CNCH2CII2CN 

Although the same sequence of reactions C!in b(' usc'd to obtain aronia1i(^ 
sulfinates, these are usually more readily available by other methods, 
and this synthesis is important, for the aliphatic series only. 

Other Methods. Sodium ethanesulfinate has becui obtained by 
the action of dry oxygen at 1(X)-120° upon sodium ethyIm(T(!aptide, but 
the sulfinic acids are so readily oxidized that the oxidation of mcTcap- 
tans is not a suitable! method of pr(‘par.ation. 

Formation of Acid Derivatives. It has b('en shown (p. 871) that the 
reactions of salts of sulfinic acids with alkyl halides give, sulfejne's, not, 
sulfinic esters. The estc'rs * are formed,®*® however, by the action of 
ethyl chloro(!arbonate on the salts. 

O 

T 

RS02Na -I- ClCOOCJaHs R— S— OCsHs + CO 2 -f NaCl 

Oddo, Gazz. chlrn. ital., 35, II, 13(> (190r>) ; Raiford and IRizlott, J. Am. Chtmi. Soc., 
67, 2172 (1935). 

Carr6 and Licbermann, Compt. rend., 200, 20SG (1935); Bull. sac. chim., [5] 2, 1700 
(1935). 

Claesson, J. prakt. Chem., [2] 16, 222 (1S77). 

* Although isomeric, the sulfones and sulfinic esters dilTer considtiralily in their prop- 
erties. For example, diethyl sulfone melts at 70° and boils at 24S° while ethyl ethane 
Bulfinate is a liquid, b.p. 60° (16 nim.) 

Otto and Kos.sing, J. jinikl. ('hem., [2j 47, 152 (1S93). 
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Esters are readily obtained by the reaction of sulfinyl chlorides with 
alcohols in the 2 )rescne-e of pyridine or potassium carbonate. 

O O 

T T 

II— S— Cl + R'CH + C5II5N R— S— OR' + CsIIbN HCI 

The sulfinyl chlorides are b(>st ju’cpan'd by the reaction of the srdfinic 
acids with thionyl chloride in dry ethc'r. 

O 

T 

RSO2H + SOCI2 R— S— Cl + SO2 + HCl 

Anhydride'S are formed by the act ion of phosphorus pent.achloride, 
phosgene, or ac(^tic acid-sulfuric, acid on sulfinic acids. 

O 0 

T t 

RSO2II + RClt, RS— 0 — HR + POCla -b 2 IIC 1 

Sulfinamides may be pn^pared froiii the usual reaction of the acid 
chlorides with ammonia or amines.®*^ 


Reactions 


Oxidation. Sulfinic acids are n'adily o.xidized. They give sulfonic 
acids when treated with nitric acid,®®'* hydroge-n pt'roxide,®®® or potas- 
sium permanganate. With pe'rmanganatc! in glacial acietic acid, 
a-disulfon()s aj’e also fornu'd (p. 881). 


RSO2II - 


11NO3 


-> RHO,lI 


KMii()4 
in CHjCOOII 


> RSO;,H + R- 


0 0 

T T 

— H — S — R 

i 1 

o o 


Sidfonyl halides are prodeiced by the action of cdilorine, bromine, 

or iodiiK! (p. 907) on the salts of sulfinie- acids. 

RSOaNa -f X2 -> RSO2X + NaX 

Pl.illips, J. Chem. Svr., 127, 255.3 (1925). 

IlildiUh and Siiiik-s, lirr., 41, 4113 (19().S). 

,'iuB iviioeveiuigi'l, Kniiurr, and Poiack, fid'., 41, 3315, 3*32.3 (1908) ; Otto, Ber,, 20, 3337 
(1SS7). 

3” llcidusflika, J. pnikt. Chem., [2] 81, 320 (1910); Ila/.left aud Raiford, Proc. Iowa 
Acnil. Set., 42, 120 (1935) K . A., 30, 81S5 (1930)]. 

Otto and O.strop, Ann., 141, 370 (1807). 

Sen Ilann, Kef. 385. 

400 Otto, Ann., 145, 322 (1808). 
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The reaction of salts of sulfiiiic a(nds with “positive” halogen compounds 
also gives sulfonyl halides (p. 875), Init under the conditions of the reac- 
tions the latter are usually conv(‘rt ed to either stilfonic acids or disulf ones. 

With Diazonium Salts. Sulfinic acids n'act with diazonium salts, 
giving diazosulfones which may be decomposc^d to sulfontis by heating. 

[ArN 2 ]+X- -I- RSO 2 H ArN=NS02R ^ ArS02R + N 2 


With Aldehydes. CVystalliiu' addition products are obtained from 
the reaction of aldehydes with sulfinic acids. The products from 

aliphatic aldehydes are somewhat disso(aatcd in solution but those from 
aromatic aldehydes are more stabh;. 


O Oil O 

II I T 

R— C— H + RS02n S— R 

I 

0 


With a,p-Unsaturated Ketones, Acids, etc. Riilfinic acids add, pro 
sumably by ],4-ad(liti()n, to conjugated sysbans such as dial cones, 
cinnamic acid,^®*'^ and (piinones/*^'* 


O 


OH 


O 


jiccih 


CtH5CII=CIICC6H6 -1- RSO Jl -> CsTbCII— CII-^CCclIj r6lhCIICIl2V.^v..6M6 

I I 

SO.R SO 2 R 


CH^CTI 


0=-C 


Cll— CII 


\ 




c=0 -f RSO JT - > ()--C: 

\ 

CTR-CII CIT— CII 

i 

80, R 


C- OH -> 

I 

80 , R 


Replacement by Metals. The reaction of aromatic sulfinic acids 
with mercuric chloride* (or acetate) results in the elimination of the 
— SO2H group/'’’’' This has been espe^cially useful for obtaining aromatic 
mereairials of known orientation. 

ArS02H + IlgClo ArllgCl + 8O2 + ITCl 

Konigs, Brr., 10 , 1531 (1877); Bauer, Ann,, 229 , 3r)3 (1885); Tdiuprirht, Bor., 18 , 
HOSa (1885; ; v. Meyer, J. prakt. ('hvm., f2] 56 . 272 (1897; ; Haritzsch, Bcr., 31 , G3G (1898; ; 
aVoeger and Ewers, J . j/rakt. Chviti., [2] 62 , 3e>9 (19e)e)). 

402 y Meyer, J. prakt. Chem., [2] 63, iei7 (1901;. 

Kohler and Reimcr, Am. Chvm. ./., 31 , 1G3 (1904). 

Hinsberg, Ber., 27 , 3259 (1894) ; Bcr., 28 , 1315 (1895) ; Ilinsbcrg and Hinimelsehein, 
Ber., 29 , 2024 (189G;. 

PeUjrs, Bcr., 38 , 25G7 (1905); Kliaraseh and Chalkley, J. Arn. ('firm. Sac., 43 , Gll 
(1921; ; Whitmore, Hamilton, and Thurman, ibid., 45 , ICKiG (1923) ; Coffey, J. Chrm. Soc., 
637 (1926). 
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Camphor-lO-suIfinic add gives a similar reaction with arsenic tri- 
chloride. 

RSO 2 H + AsCla ^ RAsCh + SO 2 + HCl 

Other Reactions. Sulfonyl interchange from the reaction of salts of 
sulfinic acids with thiolsulfonic ('sters and with certain .sulfoncs has 
already been mentioned (pp. 91 1, 879). a-Disulfones are formed (p. 884) 
by the reaction of the salts with sulfonyl chloiidc's. The sulfinic acids 
are especially useful in preparing sulfones (p. 874). The disproportiona- 
tion of free sulfinic acids (p. 906) to give sulfonic acids and thiolsulfonic 
est('rs and the niaction of tlu* acids with plu'nylhydraziue (p. 906) have 
been noted. Sulfinic acids also rc'act with hydioxylamine/”'' with ni- 
trous acid,^“® and with nitroso com])ounds.'“’® 


Important Sulfinic Acids 

The reaction of zinc dithionite (zinc, hyposulfit(') with formaldehyde, 
followed by treatment with sodium carbonate, giv('s sodium formal- 
dehydesulfoxylate (also calk'd “R.ongalit.(^ ‘kSulfoxit,*' (),’’ and "For- 
mopon”). The last is us('d as a n'dmang agc'iit. in vat dyc'ing and as a 
reagent, for the introduction (upon nitrogen) of the — (TJ^SOoNa group. 
Since that is a solubilizing group and is u'adily split off in the lx)dy, 
many iiK'dicinals are administered as tlx'ir sulfoxylate derivatives; for 
('xampk', iK'Osalvarsan (neoarsplu'namiiu'), wli'ch is used in t he treatment 
of syphilis, is much more soluble than salvarsan. 


CII 2 O Na ;003 

ZnS2C)4 > (lI0Cll2802)2Zn > lIOt’llzSCbNa 

SoflllJlIl 

Ft )i mill deli vdosulf oxylate 

N1I2 N112 


HO- 



Salvarftaii 



NIICHzSOjNa 

-OH 


NetisalvaisaiJ 


T.oikIoti, ,7. Chem. Snc., 391 (1937). 

407 Whalen and Jones, .7. Am. Chnn. Sue., 47, 1353 (1925). 

408 Koenips, Her., 11, 015 (1S7S). 

400 Bamberger and Rising, Dev., 34, 228. 241 (1901). 
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Xn. DERIVATIVES OF SULFENIC ACIDS 
General Characteristics 

Reactions from which sulfonic acids (R — S — OH) might bo expected 
generally produce disulfides and thiolsulfonic esters.* Howevc'r, the cor- 
responding acid chlorides (R — S — Cl), amides (R — S — NH2), esters 
(R — S — OR), and anhydrides (R — S — O — S — R) are known. Since sul- 
fenyl haUdes are gen('rally precursors of the others, it is convenient to 
study the entire class of derivatives of sulfonic acids by considering the 
methods of preparation and reaetions of the halides. 

The members of this series, as will be shown below, are more readily 
hydrolj'^zed than derivatives of sulfonic a(;ids or sulfinic acids. The 
sulfonyl chlorides are extremely rea(dive. Only thn'e alii)hatic sulfenyl 
halides (CI3CSX, (C,in5);iCSX, and (CH.-OaCSX) are known none of 
these has hydrogen on th<‘ carbon atom wdiich is atl.achcd to sulfur. 
The simple aromatic sulfenyl halides (CViUsSC'!, CH3CCH4SCI, (itc.) re- 
act with moisture of the air and decompose raj)id]y; thc^y ar(; usually 
prepared immediately befon; use. Othei’s (such as p-chloro-o-nitro- 
phcnylsulfenyl chloride) are more stable, and may be stored for some 
time before appreciable d(^composition occurs. 

Preparation of Sulfenyl Halides 

From Disulfides. Sulfenyl chlorides and broinick's are prob- 
ably most conveniently prepan'd by tn'atnu'iit of th(! disulfide; with 
halogen under anhydrous conditions at low temi)('raturc's. 

Ar— S— S— Ar + X2 -> 2ArSX 

Aliphatic disulfides undergo chain halogcnation in pr(;fcrence to 
cleavage of the disulfide link; CI3CSCI and (CoHr,)3CSCl are the only 
aliphatic sulfenyl (diloridc's which have be(;n prepar(;d by this mi'thod. 
Even tertiary butyl disulfidi; undergo(;s chain halog(;nation under these 
conditions. 

From Mercaptans. Under anhydrous conditions thiophenols react. 
with chlorine or bromine to give sulfenjd halides. In vi('w of the ease 
of formation of disulfides from sulfhydryl compounds (p. 851 ), the 
former may be intermediates in this reaction. 

2 ArSH > ArSSAr 2 ArSCl 

* Apparently the only known aeid of this series is a-anthiaqiiinonesnlfenic acid : Fries, 
Ber., 45 , 2965 (1912) ; h'ries and Schurmann, Bcr,, 52 , 2182 (1919). 

^lozincke, Ber., 44 , 769 (1911). 



ORGANIC SULFUR COMPOUNDS 


921 


Although the usual product from the reaction of a mercai)tide with iodine 
is a disulfide (p. 861), the mercury salt of tertiary butyl mercaptan giv es 
a sulfcnyl iodide.^" 

((Cn3)3CS)2Hg + h 2(CIT3)3CSI + llgh 

Sulfcnyl thiocyanat,es, which may Ixi prc'i)ar('d by the reaction of 
thiocyanogen with mercaptans, react similarly to the chlorides. 
Both aliphatic and aromatic sulfcnyl thiocyanates have been prepared. 

(SCN), 

IISII > RBSCN + IIBCN 

Reactions 

Hydrolysis. Sulfonic anhydrides may be obtained as initial 
products of the hydr(jlysis of sulfcnyl chlorides. If the; n'action is carried 
to completion in the presence of excess alkali the anhydrid(;s arc con- 
verted to disulfid(‘s and thiolsulfonic esters; the. latU'r (cf. j). 909) arc 
finally conv'erted to disulfides and sulfinic acids. It is probable that 
sulfi'nic acids an; inlerim'diates in the hydrolysis both of sulfcnyl chlo- 
I’idcs and of thiolsulfonic esters. 

non Ar.SCl 

ArSCl Ar-S-OII > Ar-S— 0-S— Ar 

NnOll 

0 

T 

4Ar — S — on > ArS — SAr + ArSSAr ■{- 2 II 2 O 

1 

O 

0 

t NaOir 

Ar— S— ,SAr > ArSOaNa -f Ar— S— Oil 

1 

0 

3ArSCl + 4Na()H > ArS02Na + ArSSAr + tJNaCl + 2 II 2 O 

The decompcisition of sulfcnyl chlorides in moist air or in boiling acetic 
acid givc's disulfides and thiolsulfoni(; esters. 

0 

2n>o T 

4ArSCl — —> Ar- S— SR 4- ArSSAr -|- 4I1C1 

1 

O 

Rhcinlwldt, lirv. hrasil. chim. Sao Paulo, 4, 169 (1937) [C. A.. 32. 484 (1938)]. 

T^echer and Wittwer, Bcr., 65» 1474 (1922) ; Lecher and Simon, Her,, 64, tt32 (1921) 

Zincke and Kismaycr, Ber., 61, 751 (1918). 
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The hydrolysis of siilfc^nic esters p;ivos analogous results; by alkaline 
hydrolysis in aqueous solution disulfidcis and sulfinic acids are formed; 
acetic- acid produces disulfides and thiolsulfonic (\sters. 

With Alcohols and Phenols. Sulfenyl chlorides react with alco- 
hols at room tempiu’ature to give disulfides and thiolsulfonic esters; 
at high(u* tc'mperaturcs disulfides and sulfinic acids an^ produced. With 
phenols, niK^lear substitution occairs."^'^ 

ArSCl + CgTTsOH ArSCoILiOII 

Sodium alkoxid(\s and phenoxid(\s may react with sulfenyl 
chlorides or sulfenyl thiocyanates to i)roduce sulfenyl esters. 

ArSCl + NaOAr NaCl + Ar— S— OAr 
RSSC^N + NaOR R-~-S— OR + NaSCN 

It may be noted that the n^action of alkyl hy]M)chloi'ites with mercap- 
tides does not give suhenic esters; disulfides hit ])roduced. 

2RSNa + R'OCl RSSR + R'ONa + NaCl 

Formation of Sulfenamides. Sulfenyl halides r(\act with ammonia, 
primary amines, and secondary amines'*^'* to giv(^ sulfenamides. 

ArSen + 2H2NH -> ArSNRo + R,XH IICl 


When the reaction is carrkxl out in (‘ther th(‘ hydrochloride of th(^ sulfen- 
aniid(' is obtaiiu^d. The hydrochloride's and the' free sulhaiamide's have 
bf'en used as solid d('rivativ('s of aniiiK's. 'llu' original amine is readily 
rc'covend from the amide. 

ArSNRa ArSCl + RsNU HCl 

111 other Ch'3 00^'() 

SulR'iianilidcs undcTgo n-arraiigonu-nlSi® to sidfidos whe-n li('at('d. If 
alcoholic alkali is used tlu; n'aiTangeiiieiit gives a diaryl amine. 



-S-C6TI4NH2 

'NO2 

-NllCrJUSll 

•l\02 


(0 or p) 

(0) 


414 Fries and SehiirniMnii, B( r., 52, 121S2 (1919). 

Foss, Stehlc, Shusett, and Hadliurg, J. Am, Chvrri. Soc., 60 , 27li9 (193S). 
Lf‘arrnoiith and Smiles, J. Chern. Soc.^ 327 (1930). 

Biliman and O’Mahoney, ./. Am. dhern. Sue., 61 , 2340 (1939). 

Moore and Johnson, ibid., 67 , 1517 (1935) ; ibid,, 68 , 1091, 1900 (1930). 
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With Active Methylene Compounds. Good yic'kls of substitution 
])roducts may sometimes be obtaiiu'd by tlie ri'action of sulfenjd chlo- 
rides with active methylene compounds.'"^’ 


0 0 0 0 

II II 11 11 

CH^CCIloCXX^ans + ArSCn -> IlCl + CXl3(X^TI(X)C2ll5 


SAr 


The reaction does not always ])roe('e(l smoothly; sonctiiiK's disulfides 
or tars are formed. However, acetoplumone and ac*(‘1on(', wliieh ar(^ 
generally considered to Ix^ rather iinrea(*tivo metliyhan' (*()rn])oimds, r(‘- 
act satisfactorily. The sanu* product is formed fiom tl](‘ (M)])p(n* salt of 
acetoacetic ester iis from th(‘. estxa-. 

Other Reactions. Sulhmyl halides ai)})(‘ar to Ix^ able to add to the 
olefinic double bond (p. 856 ). Disulfides a,r(' formed tiy the redactions of 
sulhaiyl halidehs with metals, sulfhydryl (*omj)oands,^^^ or potassium 
liydrosultKie.'*^'^ 

I -> ArhSAr 


ArSCl - 


KSII 


> 


ArS8H 


Ksri Arsri 

‘ > ArrtSH > Ar88Ar + UCl + S 


Thiocyanate'S are forme'd by the action eif ])otassium cyanide. 
ArSCl + KCN KCI + ArSCN 


The use e)f sulfeaiyl halide's in the synthe'sis e)f thiolsulfonie* esters has 
alread}" been diseaisse'd (p. DOti). 


XIII. THIOALDEHYDES AND THIOKETONES* 

General Characteristics 

One of the most emt standing dilTe'rence's Ix't wexai e*,arbe)nyl compounds 
and thedr thio analogs is the* tendene*y of tlie thie) cornpeuinds to imde'rgo 
polymerization. Thie)kete)nes, in ceadi-ast to kedte>ne\s, re'adily fe)rm 
dime'rs and cyclic t rimers; the* isolation of meniomers is oftem diflicult. 
The thioaldehydes polynuTize still nie)re readily than the thioketones; 

Zinoke and Baeurner, Ann., 416, Se*) (1918). 

Doujjjhcrty and Haas, J. Am. (^hcm. Sor., 69, 2499 (1987). 

* Schdnbcrg, “'J'liiokcto.ie, Thioacotale unci Acthylc*n Siilfida,” Ahrrns Sannnlnng 
Chernischvr iind cheyfnach-tcchnischt'r Vortragr, Ntnie I’ oljiio, Hofl 19, Enko, Stuttgart (1938) 

Kretov and Komissarov, J. Gen. Chem. 6, 3SS (1935) [t'. A., 29, 0207 

(1935)]. 
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monomeric thioformaldehydc and thioacctaldehyde have not been ob- 
tained except (possibly) in solution. The compounds (e.g., 9-thio- 
phenanthraldehydc of high molecular weight may be obtained as 
monomers. 

Although the /C— 0 group is not a chromophore unless it is con- 
jugated with another unsaturated group, the unconjugated group 

is a i)oterit chromo])hoie. Th(‘ monomeric thioaldehydos and thioke- 
tones are blue, their jwlymers (colorless. 

The monomeric thioaldehyd(‘s and thioketones of low molecular 
weight have very disagreeable odors.* 

Thioacetals have been discussed earlier (p. 849). 

Preparation 

Aldehydes and Ketones with Hydrogen Sulfide. Aldehyd(\s react 
with hydrogen sulfide in the absence of a (catalyst but results ai'c 
generally more satisfactory if acid or zinc chloride; is used. These; 
catalysts are nece'ssary fe)r the re'aedion of ke'leme-s w’ith hyelrogeai 
sulfide. Aliphatic^-® and are)matie; alde'hyde>s, dialkyl ket ernes, 
aryl alkyl ketones,'*"® and diaryl ketones all unde'rge) this reaction. 

R2>C C<R2 

K S 

/\ 

Ih 

Sodium thiosulfate may be use'd in place; of hyelrogem sulfiele* in this rc'- 
action.^®^ Both the ev'.s anei trans forms eef trithieealdehyde's (ihre'e hydre)- 
gens on the same side e)f the plane of the ring or twe) hydi'ogeais anel an 
alkyl group on the same side) may be isolate'ei.'*®'*’ The le)wer-melti?ig 

422 Wood and Bust, J. Am, ('hem, Soc., 69, 1721 (1937). 

* Thioisobutynddeh 3 ^de [PfeifTer, Ber., 6, 099 (lS72i] is said to ha^’o an “alioininablo 
alliaf'oous odor” and thioisovalcraldtdiyde [Schrbeder, Ber,, 4, 400 (1S71)] to have an 
“olTeiisivo and persistent odor.” Monomeric thioacetorie [Fromm and Baumann, Ber., 
22, 1035 (18eS9)] “has an offensive nauseating odor, much worse than that of other volatile 
eulfur compounds”; its preparation “caused disturbances in the neighboring streets in 
Freiburg and j)recii)itated a storm of protests” and “extremely minute amounts make 
'illions of cubic meters of air repulsive.” 

Baumann and Fromm, Ber., 28, 895 (1895). 

Baumann and Fromm, Ber., 24, 1421, 3591 (1891). 

^ Fromm and Baumann, Ber., 22, 1035, 2595 (1889) ; Peters, Ber., 40, 1480 (1907). 

Bost and ('osby, J. Ayn. Chem. Soc., 57, 1404 (1935). 

\ Wino, J. jrrakl. Chem., 77, 3(>7 (1908) ; Her., 35, 3251 (1902). 

y unm. Bar., 32, 2650 (1899) ; Muller and Schiller, J . prakt. ('hem., 116, 175 (1927) ; 

d Soffner, Ber., 57, 371 (1924); Fromm and Schultis, Ber., 66, 937 (1923). 
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form is converted to the higher-melting isomer by small amounts of 
iodides.^® 

The reaction of formaldc'hyde with hydrogen sulfide has been 
studied by a numbcT of investigators. Mcthylation of the reaction 
mixture gives Cn2(SCH3')2 and CHsSCHaSCH^SCH.-, (showing the 
presence of CH2(SH)2 and nSCH2SCH2SIl), and tic'atraent with iodine 
gives a cyclic disulfide, CH2 — S — Clio — S — CHo— S — S, derived from 

I I 

HSCU2SCH2SCH2SH. It has, therc'fore, bec'ii suggested that the re- 
action occurs by addition to the carbonyl group. 


H2C=0 -f HjS ^ 



II 2 O + Il 2 C=S 



cn.,o 

etc. IISCIT..SCII..SII iZL“> H.C 

■STl 


Hexamethyl(!netetramin(‘ reacts with hydrog(‘.n snlfid(', giving 
a polymer, (CH2 S)j’, which is ])robably analogous to polyoxymethylenc 
in structure. The thioaldiiKi thiocyanate obtained from acc'taldehyde 
ammonia is converted ‘‘-® to thioacctaldehyde by heating in aepjeous 
solution. 


Oil 


HzS 


(CilaCHNlIoJa — > Cll.-iCIl 


C’lls 

i 

,S-CU\ 

''S-CH/ 


NH HCNS ---> (CIbCHS)3 

/ (.HOH) 


CHs 


It is somi'times advantageous to use a d('rivativ(' (such as the 2 , 4 -dini- 
troplnmylbydrazoiu') of the aldehj-de or ketone in tin; synthesis of the 
thio analog by the reaction with hydrogen sulfide. 

RCII=NNnC6H3(N02)2 -J- RCHS + (02N)2C6H3NHNH2 H2S04 

(112804) 

429 Marrkwaltl, Brr., 19 , 1826, 2378 (ISSG) ; Bcr., 20 , 2817 (1887); Suyvor, Rcc. trav. 
chiw., 24 , 377 (1905) ; KliiiKcr, Bcr., 10 , 1877 (1877); Mann and Pope, J. Chem, Soc., 123 , 
1178 (1923). 

430 Klinger, Bur., 9 , 1893 (1876) ; Bur., 11 , 1023 (1878) ; Bcr., 32 , 2195 (1899) ; Baumann 
Bcr., 23 , 62, 1809 (1890); Drugman and Stockings, Proc, Chem, Soc., 20 , 115 (1904): 
Pratesi, Gazz. chim. itaL, 14 , 139 (1885) ; Vanino, Bcr., 36 , 3251 (1902). 

431 Wohl, Bur., 19 , 2344 (1880). 
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The reactions of polyfunctional carbonyl compounds with hydrogen 
sulfide are somt'times different fiom ihe simj^k! members of the series; 
for example, thioidienes have been obtained from 1,4-diketones. 

From Methylene Halides and Metal Sulfides. {.k)inpounds with two 
halogens attacln^d to the same carbon atom may bc' converted to thio- 
aldehydes or thioketones by the action of sodium (or potassium) 
hydrosulfidcs or sulfides. 

(CellsloCCb + 2 KSH -> (C 6 H 5 )..C=S + 2KC1 -|- H^S 

(Muiionit'iio) 

SCfiHiCHCb + 3Na.>S (CoHoCHSls + GNaCl 

In preparing thioaldehydes by this method the (''annizzaro reaction 
(see below) is responsible for tlu' formation of by-products. 

From Ketones and Phosphorus Pentasulfide. Most of the products 
obtained^-*’ from tlu' reaction of ketones with ifiiosphorus pentasul- 
fidc arc dimeric but a few are monomeric. 

R..c=0 -— > R2C=S 

When 1,4-diketones are used thioiiheiuis an' fornu'd.^^® 

CTTo-C’lIa CIT ClI 

i 1 P2S. I! il 

CII 3 — C’. C-CH 3 CffT;,— c. C-CII 3 



Other Methods. It has been noted (p. 8G2) that disulfides are pro- 
duced by the reaction of k('tones with ammonium hydrosulfide; the 
reaction is a complex one,'*®' however, and it appears that thioketones 
are intei'inediates. Methyk'iie halidt's react with thioacetic acid or 
its salts to give thioketones. 


ArzCCb -b CH3COSII Ar2C=S 4- CH3COCI + ITCl 

a,a-Di(4ilorodi(4h3d sulfides is converted to trithioacetald(hyde by thr* 
action of silver sulfide, silver oxid(', h 3 Mrogen sulfide, or sodium hy- 

Mitra, .7. Indian Chem. Hoc., 15. 59 (1938) [('. A., 32, 4982 (1938)]. 

Bohr, Her., 6, 970 (1S7^) ; Bvr.^ 15, SOI nS82) ; Gatlonnanu and Schulze, 

Bar., 29, 2944 (1890); Staudingor and Ireudenber^er, Org. Syntheses^ 11, 94 (1931 j. 

^34 Wood anti Bost, ./. Am. Chnru Boc., 59, 1011 (1937). 

435 Spring, Bull. soc. chim., [2] 40, 00 (18S3). 

^36 Baal, Ber., 18, 307, 2251 (1885). 

437 Willegorodt, Bcr., 20, 2^Ki7 (1887); Baumann and TVomm, Bcr., 28, 907 (1895) .; 
Manchot and Krische, Ami., 337, 170 (1904) ; Frornrn and Holler, Bcr., 40, 2978 (1907). 

438 Spring, Ber,, 14, 758 (1881); vSehonberg, Schutz, and Nickel, Bcr., 61, 1375 (1928) 
Kitamura, J. Pharm. Soc. Japan, 57, 893 (1937) [C. A., 32, 1080 (1938)]. 
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droxide.^^® ThioacTolein is formed by hc'atiiig glycerol with sidfiir at 
175-200° under slightly ehn'ated pressures. Diaryllhioketoues maj'^ be 
prepared by the Friedcd-Crafts reaction, using thiophosgene. 

S S 

2ArH + Cl— C— Cl ArCAr + 21IC1 


Reactions 


Oxidation. Oxidation of the cyclic trimers may b(' carried out in 
the same way as the oxidation of ordinary sulfides (j). S74). The; cyclic 
trisulfom's obtained from trithioaldehydcs in this way form salts 
when treated with sodium <‘thoxid(‘, may b(‘ alkylated, and have the 
general properties of nu'tliylene disulfones (p. 8S1). 


CII 3 

I 

S— CH 


CII3 
SO2- (UI 


„/ \ KM11O4 / S 

CTT 3 CII S ^ > CII 3 CH 

\ / "-x / 

S— CH SO 2 -CH 


SO2 


CH 3 


CII3 


It is interesting to note that, while' the cis and lrnnf< ise)me‘rs of the tri- 
thieealelehydes might be- e'xpee-le-el tee give' cis anel Intns sulfones, oidy eme 
trisulfeme ma.y be obtained. This may be atlributexl te) the labiliziug 
influence' of the sulfone' grouj) upeni hyelroge'ii, alleewing the formation of 


/ CH3 r CII3 

• I ' 

ail anion \ — SOoClISO- — T!+ -f — >()oC;S()o— 
ily rhan^e from ono geometric form to the other. 

The tiisiilfoxidc' from trithioformakhdiyde may b(^ obtained in 
both cis and tnvns forms (p. *1S4). 

Though most of tlu^ monomi'i-ic thiokoton(\s are convi'rtod to 

k(dones by the a(4ion of hydrogen peroxide, sonu' of the eomplex ones 
fail to react. Oxidation of trithioformaldehyde by aqueous (‘hlorine 
has been discussc'd elsewh(Te (p. 858). 


) \vhi(‘h may read- 


439 Mann and Pope, ./. Chnii. Sor., 123, 1178 (1923). 

^^ODelson, U. S. pat. 2.007, 201 \(\ A., 31 , 1555 (1937)J. 

Gatterinann, Bt r., 28, 2809 (1895). 

Baumann and I'roinin, Bcr., 22 , 2000 (LSSO); Baumann and Camps, Bcr., 23 , 09, 
1874 (1890) ; C’ainjis, Bt r., 25 , 234, 248 (1892) ; Baumann, Brr., 26 , 2074 U893) ; Lorninitz, 
Bcr., 27 , 1007 (1894) ; Peters, Bcr., 38 , 2500 (1905). 

lliuslx*rj?, J. prakt. Chem., [2] 86 , 337 (1912); ibid., 142 , 135 (1935). See also tlie 
reference on p. 4vS4. 



928 


ORGANIC CHEMISTRY 


P3rrolysis. Olefins and thiophene derivatives are formed by heat* 
ing thioaldehydes or thioketones. For example, stilbene or thiones- 
sal *** (tetraphcnyltliiophene) may be obtained from trithiobcnzalde- 
hydc. 

mo" 

2(C6Tl6CHS)3 — > GS + 3C6H6CIT=CnC6HB 
ooo» CsHbC CCfJIs 

2C6HbCH=CHCbHb + 3S ^ || || + 2 H 2 S 

CbHbC CCbUb 



With Alkyl Iodides. Thioaldehyd(?s and thioketones react with 
alkyl iodides (less readily, with alkyl bromid(’s), forming sulfonium 
salts. 

100 *' 

(CH 2 S )3 + 3 CH 3 T + 12 CH 3 OII 3[(CH3)3S]-'I- + 3CH2(0CH3)2 + GII 2 O 

The products appear to be those which might be ex})('(!ted by assuming 
that th(! trithioald(!hyd(' behaves like an ordinary sulfide, giving a sul- 
fonium salt which undergoes alkyl interchange according to the reac- 
tion already not(;d (p. 868). 

With Salts of Heavy Metals. The monomeric, dinu'ric, and trimeric! 
thioaldehydes and thioketones resemble tin* sulfid('s (p. 858) in th('ir 
ability^"'’ to form addition j)rodu(!ts with th(' salts of h{!avy metals 
such as mercury, platinum, and silv('r. Both g(‘ometiic isomcn-s of tri- 
thioacetaldehyde, for ('xampk', give' salts with silvi'r nitrate with the 
composition (CH;jCIlS):rAgN 03 and (Cll 3 (TIS);r 3 AgN 03 . 

Other Reactions. Thioketones are hydrolyzed to ketones by heat- 
ing with dilute alkali. 

R 2 C=S + 2NaOH R2C=0 + NajS + H 2 O 


The isolation of benzyl dithiobenzoate, dithiob('nzoi(! acid, and 
benzyl mercaptan from the reaction of benzal chloride with sodium sul- 
fide shows that thioaldehydes of the aromatic serii^s may undergo auto- 
oxidation-reduction in the same way as their oxygen analogs. 


CsHbCIICIj — ^ [CbIIbCHS] CbHbC— SCH2C6H6 CbIIb— C— SH 

C6H6CH(SCII2C6Hb) 2 <— C6HBCH2Sn 

or L/Gri5diCyl2 


<“Kopp, Ber., 26 , 600 (1892); Ann., 277 , 339 (1893); Baumaim and Klett, Her., 24 , 
3307 (1891). iSeti also Bohr, Ilcf. 433, and Banmann and Fromm, Ref. 424. 

Reychler, Bull. soc. chi'm., [3] 33 , 1226 (1905) ; Platanov and Anismov, J. Gen. Chem 
(,U.S.S.R.), 6 , 622 (1935) [C. A., 29 , 7277 (1935)]. 
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Thioketoncs react with carbonyl n^agents; thiobenzopheiiono, for ex- 
ample/®^ gives benzophenoneoxiino when treated with hydroxylainine. 
d-Thioketonic esters, pn'pared by reaction of a /3-keto ester with hy- 
drogen sulfide, form sodio derivatives but ui)on ticxitment with an alkyl 
halide undergo alkylation on sulfur, rather than on carbon as is usual 
with their oxygen analogs. 

S O SNa O SR O 

II II i II „x I II 

CH.cc!HiCoc.iT, -> cn,(:-.(;iKu>r,n, — cu.,cwciiajc.ii, 

Trithioformaldehyde is cleaved by tieatment with sulfur chloride. 

(CllaSls + SaC'U ClClbSCRTaCl 
Anils arc formed by the j’eactioit of thioketoncs with azides. 

(C6U5)oC=S + CdbN.-! (Ccll5)2C=Nt^cTl5 + Na+S 

CJb— CJb + CfilbSOsNs Cc1T4 — CgIR 

\ q / +^2 + b 

1 i 

b NSO2C6II6 

XIV. THIO ACIDS AND THEIR DERIVATIVES 
General Characteristics 

Th(' Tiioiiotliio aiialoj^s of Xhv carboxylic acids exist in only one form. 
By analogy with the carboxylic acids, their structure may be a resonance 
hybrid of the thiol and thion structures. 



In most, of the reactions of thio acids and their salts the result is that 
(^xj)ect(Hl from th(' prc'sence of a ~SH groiij); and thei-e are arguments 
for eonsidei’ing this tin' favonxl structure. 

The acids have disagr(‘(xif)l(‘ odors and are slowly decompos(‘d upon 
exposure to air. Thioformic acid is not stable but loses hydrogen sul- 
fide and forms an amori)hous solid mass.^^^ I'liio acids are less assoeiaUxJ 

J. Indian Chm,. Sor., 15 , 31 (193S) [(\ .1., 32 , 4945 (1938)]. 

Schouberg and Urban, J. Chrm. Soc., 530 (1935). 

Bloch, Cornpt, rend., 206 , 079 (1938), 

Auger, ibid., 139 , 798 (1904). 



930 


ORGANIC CHEMISTRY 


(compare ROH and RSH, p. 840), and the lower members of the series 
have lower boiling points than the (iarboxylic acids. 

The alkali mental salts of the tliio acids are crystalline, water-soluble 
compounds, but the hc^avy metal salts are generally insoluble in water 
and de(*()mpose rapidly with precipitation of the metal sulfide. 

Very f('w alijfiiatic; dithio acids (RCSoH) arc known, but several of 
the aromatic*, s(*,ri(‘s havc^ been prepared. They oxidize readily and are 
extremely difficult to handle. 

Thiol esters ( R — ) , thion esters ( R — ) , and dithio es- 

\ ^SR/ \ \or/ 

tc'rs ( R — C/ ) are known. Some thion and t/hiol esters may be intcr- 

V Nsr/ . . 

convei*tcd by healing.^^^ Th(' tliion esters of low molecular weight are 
oxyluininescent. 

The j[)refixes thiol and thion are us(‘d only in th(^ nomenclalure of the 
esters, since' tlie only possibles (hioamides and thio acid (ffilorides are those 
corresi)onding to the; thion (*st,(u-s; those corresponding to the thiol esters 
ai'e th(' same as the' amidc's and a(‘id chloride's of carboxylic acids. 

The thio ek'i-ivalive's of carbonie*. acids may have distinctive structure's 
and reactions and will there'fore be discusscKl se'parately in the conclud- 
ing portion of this effiapter. 

Preparation 


Preparation of Thio Acids. A good 3 de'ld of thioacH‘tic acid is ob- 
tained by i)assing h^^drogem sulfide into a mixture' e)f ace^tic anhydride' 
and acetyl chloride. 


(CH3C0)20 + HoS 


ClTsCOCl 

— ^ > CIIaCOSH + CH 3 COOFI 


Aromatic*, acid e*hloi-ides reae*t with ae|ueous potassium hydrosulfide 
or sulfide to give thio acids, but aliphatic acid chlorides are too readily 
hydrolyzed to give satisfactory results. 


O 

II 

ArCCl + KsS ArCOSK + KCl 

Gazz. cJnm. ital., 27 , 11, 15;i (1S97). 

W'hedor and Barnes, Am. Chem. 22 , 141 (1899) ; iVnV/., 24 , 60 (1900) ; Sehonberg 
et a/.. Her., 63 , 17S (HKIO); Karjala and McElvain, J. Am. ('hrm. >Snr., 65 , 2900 (19Ild); 
Schonberg ct a/., Ber., 64 , 1390, 2582 (19:11); B( r., 65 , 289 (1922); Ann., 483 , 107 (19:30). 
Clarke and Hartman, J. Am. ('hvm. Bor., 46 , 17:51 (1924). 

Jacf]neniin and Vossclmann, (U)mpt. rvnd., 49 , 371 (1859) ; Auger and Biloy, ibul., 
136 , 555 (1903). 

Cloez, Ann., 115 . 27 (1860). See also Klinger, Ref. 433. 
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Thio acids have also been obtained from the reaction of carboxylic acids 
with phosphorus pentasulfidc and from the reaction of carbon oxysul- 
fide with the Grignard reagent.^^® 


R— CO2II > R— COSH 

II + 

RMgX + CC It— Cf > RCOSH 

^S ^SMgX 

They have also been prepared from dithio acids by formation of ihio 
acid chlorides, followed by hydrolysis. 


SOCI., 

RCS2H > R- 


-C— Cl 


IIOII 

> It COSH + Hci 


Preparation of Dithio Acids. Probably the most common method of 
pniparation of ditliio acids is the reaction^”’ of a Grignard niagiait 
with carbon disulfide. 



R— C^ 


S 

SMgX 


n ► 
— > 


RC; 




\SH 


Aldehydes an; converted to dithio acids by tn'atment with am- 
monium polysulfidc. 

O 

II 

R— C-H + (NH4)2S2 RCf + NH4OH 

\SNH4 

Dithiobenzoic acid ''®‘’ is readily obtaiiud by the reaction of benzo- 
tri chloride with potassium sulfide. 

S 

CeHiiCCls + 2K2S -> 3KC1 + CbHsC^ C6HaCS2H 

\SK 

Kekule, Ann,, 90, 309 (1854), Sohiff, Bcr., 28, 1204 (1895). 

466 Weiner t. Bcr., 36, 1007 (1903). 

Bloch, Conipt. rend,, 204, 1342 (1937). 

lloubcn aiul Schulze, Bvr., 43, 2481 (1910); Bvt., 44, 3235 (1911). 

and T.evi, Atti. accad. Ltncn', 32, i, 5 (1923) [(’. A., 18, 2093 (1924)]; Bloch, 
llohii, and Burkc, J, prakt. Chcin., 82, 473 (1910). 

StaudiriKcr and SicRWiirt, Hf lv, ('him. Ada, 3, 824 (1920). For a similar reaction 
using chloroform, see Nicol, Proc. Boy. Boc. Edinburgh, 10, 425 (1882) ; J. Cheni. Soc., 42, 
689 (1882) ; Delmont, J. pharm. chun., [5] 24, 425 (1892); J. Chem. Soc., 62, 421 (1892); 
Lovi, Atti accad. Lined, [0] 9, 170 (1929) [C. A., 23, 3438 (1929)]. 
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Aromatic dithio acids have been obtained by the reaction of 
phenols with carbon disulfide in the presence of aluminum chloride. 

CeHsOII + CS2 — '4 HOC6H4CS2II 

Preparation of Dithio Esters. Esters of tlu; dithio acids have boon 
prepared by the acition of m('rcaj)tans on thioaniidos in the presence' of 
hydro^ftn chloride.' and by the action e)f hydre)gen sulfide on imino thio 
esters (p. Sol). 

S S 

il li 

R— C- NII2 + R'SH + IICl -> R--C— SR' + NH4CI 
NH S 

II 11 

11 — c::-SR + 112S ^ R— c— SR + nHs 

The ortho csUts of this seri(\s have been mentioned previously (p. 84S). 

Preparation of Thiol Esters, The formation of thiol esters by the 
reaction of carboxylic^ acids with sulfhydryl (‘ompounds has beem dis- 
cuss(‘d (p, 848), ]\I(‘rca|.)tans may be ac(‘tyla.ted with a(*(4ic anhydride 
and aqueous sodium hydroxide; with iiK'rcaptans of hi^li mol(‘cular 
weight better yicids are obtained by using sodium acc'taie in place 
of sodium hydroxide'. 

O 

ii 

(CllsCCbsO + liSlI + NaOH -> CII 3 (^-SR + CH.^COONa + IRO 

Aromatic acid chloride's also give satisfaeioiy jvsults with me're‘aptans 
and aepieous alkali. Aliphatic acid eiiloride's are too leadily hydrolyzed 
to be use'd in aciueous solution ))ut rc'act- under anhydrous conditions 
with thiojdicnols and mercaptans. Pyridine' or trimethylamine 
appears to cause the; acylation to occur moie smoothly. 

0 O 

II II 

K— C— Cl + H'SU + (CIIj)jN — > R— C— SR' + (CH,),N UCI 

Thiol c.s(('rri have also bcc'u obtained by f ho reaction of acyl halides 
with mercaptides,''®'' by alkylation of the sails of thio acids/^® by tJie 

<“1 Jort;, Her., 60, HC.O (1!)27). 

Kcid, Ccmi. ^th Intern, i'ongr. Appl. Chew. (Appendix), 25, 423 (1912) [r'. A., 
7, 2190 (1913)]. 

463 Wenzel and Reid, Am. (Item. »Scc., 69, 1089 (1937). 

Michler, Ber., 7, 1312 (1874) , .Tones and Tasker, J. Ctu’m. »Soc., 96, 1904 (1909). 

Holinbcrg, Arkiv. Kcmi, Mineral. Geol., 12B, No. 47 (1938) [C. A., 32, 4151 (1938)] 

Ralston, Segebiecht, and Rauer, J. Org. Chem., 4, 503 (1939). 

Michler, Ann., 176, 182 (1875); Obermayer, Ber , 20, 2920 (1887). 
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hydrolysis of imino thio esters,^®* and by the action of morcaptides on 
esters.'*®® 

0 O 

II 1! 

2R— C— Cl + ]’b(SR')2 > 2R— C— SR' + PbCb 

0 

jl 

RCOSNa + R'X — ^ R-— C— SR' + NaX 

NR () 

II HO, il 

R— C— SR + H 2 O > R— C— SR + RNIia-HCl 

O O 

II II 

R— C— OCfilR + R'SNa R— C— SR' + CeHi-ONa 

Ketene redacts readily with inercaj)! ans, giving; hig;h yields of thiol 
esters. 

O 

I! 

RSH + CTT2=C=0 C1I.,-C-SR 

Preparation of Thion Esters. Th(> na'lliod ordinarily used *“■ for 
the i)reparation of thion esters is the reaction of dry hydrogen sulfide 
with iniino esters. 

NTTHCl S 

II II 

R— C— OR + H 2 S -V R-C-OR + NILiCl 

Thion (\sl('rs have also boon obtaiiiod from the r(*a(*tion of th(j Grig- 
riard reagcait with chloi-othioiK'arboiialc's. 

S S 

II I! 

RMgX + Cl— C—OR R— C— OR + MgClX 

Preparation of Thioamides. Thioamidc's are usually pn^pared by 
the addition of hydrogen sulfide to a nitrilci.'^^'^ 

S 


11 

r_C=N + H 2 S R— C— Nn2 

408 Wallach and Blcibtrou, ficr., 12, KXVJ (1S79). 

^•’“Seifert, J. yrakt. Chem., [2] 31, 402 (TSS5). 

Hurd and Williams, J. Am. Clum. Soc., 58, lMj2 (1930). 

Sakurada, Mew. Coll. ,Sci. Ki/oto, 9 , 2.37 (1920) ; ihUl., 10 , 79 (1920) [Ct .4., 21 , 2458 
3009 (1927)]. 

"2 Dok'pinc, Bull. «or. chim., [4] 49 , 901 (1911). 

Gautier, Ann., 142 , 289 (1807) ; Ralston, van dor Wa), and McC'orkle, J. Org Chem., 
4 . 08 (1939). 
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The reaction is carried out in a scaled tube or by adding the nitrile to 
alcohol that has boon saturated with ammonia and then with hydrogen 
sidfid(!. In the, case; of certain nitriles which do not react under these 
conditions, high yi('lds of thioamides have been obtained by replacing 
the ammonia with triethanolamine. Isonitriles react with hydrogen 
sulfide to give thioformamides.^’®’ 

S 

II 

RNC + IT 2 S RNH— C— II 


The reactions of isothioc^yaiiatcs with the Grignard reagent/’^^ 
sodium phenylacetylide,'*'^^ or the sodium derivative of active methylene 
compounds may used for the preparation of thioamides. 


R'MrX h + 

R~N=:a--S > R— N=-C-SMgX — > RNII— C=S 


R' 


R' 


SNa 


S 


II 


CcIlLC^CNa + R~N--C=S CJRC^C— C-NR > C- NIIR 


NaS 

I 

[CII(COOC2H0d"Na+ + R— N-=C--S R-N-C— C]I(CX)OC2ll6)2 


S 


R~NH-C^ CI1(C00C2H,)2 


Thioamides have also bc^en pn'pared by the ri'aclion of amides 
with phosphorus jK'ntasulfide/^'*’' from imiiiochlorides/®^ from ami- 
dincs/®®’ and by the Friedel-Crafts reaction. 

O S 

II P.S. 11 

R— C— NH 2 R— C— NH 2 

R_C=nR11C1 — > RC— NllR + 2HC1 

I II 

Cl s 


Olin anti Johnson, Uec. trav. chim,, 60 , 72 (1931). 

Hofmann, Ber., 10 , 1095 (1877). 

Hofmann, Ber., 11, 338 (1878). 

Sachs and Loevy, Bcr., 37 , 874 (1904); Gilman and Furry, J. Am, Chem. Soc,, 60 , 
1214 (1928); Schwartz and Johnson, ihuL, 63 , 10G3 (1931). 

478 Worrall, J. Am. ('hem. Sac., 59 , 1480 (1937), 

Ruhernann, J. Chem. Sac., 93 , 021, 025 (1908) ; Worrall, J. Am. Chem. Soc., 60 , 145*? 
(1928). 

^OBernthsen, Ber., 11 , 503 (1878). 

^81 Leo, Ber., 10 , 2134 (1877). 

^^Bernthsen, Ber., 10 , 1238 (1877); ^nn., 192 , 29 (1878). 

483 Friedmann and Gattermann, Ber., 25 , 3525 (1892). 
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S 


CeHsC 


^NCcH* 

'^NIICeHs 



II 

CsHsCNHCsHs + CcHsNHj 

S 

I! 

CsHfiCNHCsHs + CfiH5N==C=S 


Cells + C6H5N=C=S 


AlClj 


-> Celled’ HCCelle 


Preparation of Thio Acid Chlorides and Anhydrides. Thio acid chlo- 
rides are prepared by tlie n'action of dithio acids wiih Ihionyl 

chloride. Thio anhydrides (diacyl sulfides) are obtaiiK'd by ihe re- 

action of an acid chloride; with potassium sulfide or with th(> lead salt 
of a thio acid. 

S 

socn 11 

RCS 2 H — > R— C-Cl 


0 

!l 

2R-C-C1 


0 O 


I 


I! 


K 28 


-> R~C— S-C--R + 2KCI 


0 0 

ii li 

.y> 2R-C-S--C-R + Pl,Cb 

iK(:os).2l’l> 


Diacyl disulfides may bt; oblained by the method already mentioned 
(p. 8()2), V\y the reaction of iodine with sodium salts of thio acids, or by 
the electrolysis of thio acids.^'** 

O O 

II II 

2RC0SNa + I 2 > R— C—S— S— C— R + 2NaI 

o 0 

Kiectriilvsin II 

2RC0SII — > R-C—S— S— C— R -f Ha 

.■\t anode At cathode 

Reactions 

Reactions of Thio Acids. Probably the most notable characteristic of 
thio acids is their reactivity as acylatinp; agents. Thioacetic acid, for 
example;, acetylatees amine's readily at room temperature;. Thio acids 

*** Stiindingpr and Siogwart, Tlcf. 4(>0. 

Davies, fiir., 24 , 3549, 4251 (1891 ) ; Fromm, Ann., 348 , 144 (1906). 

Bunge, Her., 3, 297 (lK70i. 

Pawlcwski, Bcr., 31, 661 (1898) ; Her., 36, 110 (1902) ; Eibner, Ber.. 34, 657 (1901). 
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react with alcohols to give ('sters and are rapidly hydrolyzed in tlu* 
presence of moisture; the hydrolysis occurs so readily that thio acids 
may be used in place of hydrogen sulfide in analysis. 

0 

II 

CH3COSII + HsNCells > CHa— C— NIlCcHs + H2S 

0 

Tt'OH 

j{_C-OR' + 1128 

RCOSfl— 

RCOOJI + HoS 


Thioacc'fic acid I't'acfs j'cadily with olefins ‘‘“giving thiol esters 
resulting from “abnormal addition” (p. 639). 

O 

(CII3)2C=-C1K!II,-, + CI1.,C()81I -> ((TI,,)2CnClI— S— CCII, 

CH,i 


The thio acids ai'c oxidized l)y atjnospheric oxygen and are converted 
to diacyl disulfide's l.»y mild oxidizing agents (p. i)3r>). 

Reactions of Thioamides. Tlu' tliioainides, in contrast to tlu'ir oxy- 
gen analogs, are weak acids; they dissoh’c in aqueous alkali and may 
be rei)recipitated by passing carbon dioxide into the' alkaline solu- 
tion.^^O' 


„ J Na( )fl 

R— C-XIR, > [RC\SNH]-Na-' 


('1 >2 

n..< ) 


> K— t;- Nils + NallCOs 


The salts (jf the lhif)aniides may be isolated; they r('acl with alkylating 
agents to giv'e S-alkylisolliioamides (imino thio esters). 


8R' 

[RCSNH]"Xa+ + R'X -> XaX + R— C=Xn 


One of the most useful reactions of thioamides is that with a-halogen 
aldehyd(!s or ketones to give thiazoles.‘‘‘-“ The results of this reaction, 
as well as the salt formation noted above, suggest that the thioamides 
are tautomeric. 

488 Wheeler, Am. Chem. Soc., 23 , 443 (1901) ; .Stewart and McKinney, ibid., 63 , 1482 
(1931). 

SohifI and Taruf;i, B( r., 27 , 3437 (1894) ; Yne and Wir.sing, J. Am, Chem. Soc., 64 
1800 (1932). 

Nef, Ann., 280 , 297 (1894). 

Hantzsch, Ann., 260 , 202 (1889). 
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R— C' 








SH 

CICIR 

/S — CII 

+ 

1 R— ( 

< II 

^N-CR 

Nil 

0==C— R 


937 


Bc'uzothiazoles hav(', boc'.n obtaiiK'd by tlio oxidation of liiioanilid('s. 


R— C 


^SNa 

"N - 


() 

(K3rf(CN)r,) 


NaOIl + R 


N 



Thioamidos arc* readily hydrolyzed by healing witli aqiu'ous acid 
or alkali j they tnay also bo e,onverl.ed (.o nitriles by elimination of hy- 
drogen sulfide.’^* 


R— C 




''NIT-. 


+ L'll-/) + II Cl 


HCO-.Il + IRS + NlRCl 


A charaetei'islie blue color, i)robably diu' to thiobenzophenom', is 
formed when (hioaniides are healed with benzoi>henonedi(“hloride; 
this may be nsc'd as a test for lhioamid('s. 

Reactions of Other Compounds. Thio acid (ihloridi's react in the 
same way as their oxygen analogs l)iit arc' k'ss stable.'"'® Thio anhydi'ides 
are rc'adily hydrolyzed. Dithio acids are oxidized Iw air or mild oxi- 

'n 

— C — R/ ; these may 

1)(‘ used for the aeylation of amines. 

The only eliaraeterislies of (hion esters which an* worthy of note 
ar(‘ th(‘ir i-eai’ra.np;(‘inent;^‘’’ the (‘a.s(‘ with whi(‘h the sulfur atom is r(‘,- 
moved, and their hydrol^^sis.^'^ Thiol estcas may also he hydrolyzed 
(pp. 84d, 848) and ai'c oxidized by aqu(‘Ous Inilogcms. 


( !! 

dizin^ ag(Mils to Ihioacyl disulfides \R,— C— -S — S 


O 

II 

CelR-C-SCt^TIb 


() 


O 


C'li- 
II ..I ) 


> ColRC-OIl + Cell dC— C l + C 2 II 5 SO 2 CI 


Dithio esters undergo ammonolysis with concentrated ammonium hy- 
droxide.^™ 


.Tafobst'ii, Her., 19, l()f>7 CISSO); Her., 20, l.SOo (I,SS7), Jiu-obst-u aiul Ney, Her., 22 
!HM (IKS')). 

Blank, Her., 25, X040 (1S()2). 

Jorgt.-iiscii, .7. ]>riikt. (-'hem., [21 66, 33 (li)02). 

•'»* Tsc-luiKai-lT, Her., 36 , _>.|K 2 ( 1902 ). 

Houbon aii'l Pohl, Her., 40, 1303 (1907). 

Bloch, Ilohi), ami Bum'. Chem., 82, 473 (1910). 

Szperl ami Wasilewska. Korzniki Cheiii., 16, 204 (193(i) [C. A., 30, 81S9 (1936)]. 
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S 

li 

CbHb— C— SCH jCeHB + 3NH4OH -> 

O 

II 

CbHb— C— NH2 + CbHbCHsSH + (NH 4 ) 2 S + 2II2O 


Derivatives of Carbomc Acid 


The sulfur analogs of carbonic acid offer structural possibilities which 
are not found in any of the oth(ir acids. In addition to the usual thiol 
(I) and thion (II), tlu're aix^ theoretically two dithio acids: a dithiol (III) 
and a thionthiol (IV) acid. There may also, in this case, be derivatives 
of a trithio acid (V). 


O 


S 


o 


s 


s 


HO— C— SH no— C— OH IIS-C— SH HO— C— SH IIS— C-SH 

I II III IV V 

Though these acids are unstalile, their salts and otlua- deri\'atives are 
known. For examjile, the esti'rs of all of these may Ix' jin'iiari'd by tlu* 
reaction of phosgene or tiiiophosgene with the jiropcr alcohol or mer- 
captan. 


S 


RO-C— OR <- 
S 

II 

RS— C— SR <- 


KOH 


s 


0 


RS-C— SR <- 


nsii 


USH 


Cl— C— Cl 

O 

II 

Cl— C— Cl 


KOH 


-> RO— c— c:;i 


KSH 


-> RO— C— SR 


IISII 


0 


> RS— C— Cl 


0 


HOH 


-> RS-C— OR 


The thio derivative's of carbaniic acid an' the same in number as 
those from ordinary acids: thiolcarbamati's (VI), thion carbamates 
(VII), and dithiocarbamates (VIII). Thiourea (IX) is the only thio- 
diamide of the series. 

o s s s 

II II II II 

H2N— C— SH H2N— C— OH H2N— C— SH H2N— C— NH2 

VI VII vin IX 


Elimination of the elements of water or ammonia from these amides 
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loads to two types of siruotiire wliieh cannot Ix' dcM'ived from otiior lliio 
acids: thiocyaiiic acid (X) and isothiocyanic acid (XI). 

II— S— C^N n~N=-C=-S 

X XI 

In general, the thio derivatives of car1)oni(* acid l)ehav('. as might be 
expected from the information already given a))out thio a(*id derivatives 
and from knowledge of the simple carbonate's. Therefore', ne) attein])t. 
will be made to eliseaiss the' e'ntiiv se'rie's; tlu' Ibllowing Ire'ntme'iit will be 
limili'd to a fe'W s])('(‘ifi(*, type's or individual eH)mi)ounds which sc'e'in 
es})ecially impeirtant or inte're'sting. 

Xanthates. The salts e>f O-alkyl ele'rivative's of IV are' known as 
xanthaU's.* The}- are obtainexP^'* by the^ rea(‘tie)n e>f an ah'uhul with 
carbon disulfide f in the pre'sene'e of alkali. 


Ron + + KOII RO-C- SK + H 2 O 


The xanthate^s from 7/-butyl and ise)amyl ale'ohols have' bc'en used in 
flotation. The xanthate's may l)e alkylated by the usual re'agc'uts; the 
(‘ste'rs of leiwmole'cular weaght e)l>tain(‘d by this nu'theid she)w the property 
of cheinilumine.'scene‘e' in air.*'’^'^^ The meist inii)e)rtant a])])li(*ation of the 
xanthate's is the viscose' proe*e'ss (]). 10S:t) for rayon and en'lleiphane. 

Dithiocarbamates. Carbeai disulfide' leacts with ammonia and with 
primary and secemelary aliphatic amine's to give salts eif elitliiejcarbamic 
acid. 



s 

h 

il 


s 

1! 

RNII 2 + CS 2 

UNU SII_ 

Not isolated 

nmh ^ 

KNHC-ri_ 


RNH3+ 


Alkali metal salts may be obtained by the use of alkali in the reaction 
e)f the amine' with c,arbe>n elisulfide'. The dithiocarbamates are readily 
eixielizeel te) thiuram elisulfiek's, and Ihe'se may be convert e'el te) sulfides. 
The thiuram elisulfiele' and sulfiek' obtaine'el from dime'tliylamine^ are 
kne)wn as '‘Tuads” and ‘"Thiemex” lespe'ctively and are' impendant aceel- 


* Tlio iitinit* is (I('tiv(*d froin tlu' Gri'rk {xfitiihos, yollow). It doi^s not itdcr to the color 
of all r'lntliatcs, hut then in.->.oliihIc, yellow cuprous salts. 



[4KOC8,K -f 2 CUSO 4 2TK)US.(^i + 2K2v"^()4 + ROC- 8- S-COR.] 


Zoise, A?in., 16 , ITS (is;k5). 

t C:arh(»n oxysulfidc undcrj^ocs a siindar reaction, yielding a product known as “Ben- 
der’s salt”; C2H{,(>H -f CDS -f- KOII IID + C-illoOCOSK. [W celdcnburK, /iVr Ituv 
chirn., 47. 490 (192S) J 

Dedepines Bull, t>oc. chnn,, ['ll 7, 404 (1010). 
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orators for rubber vulcanization. The thiuram disulfide from piperidine 
is also used for this purpose. 

S 

(CH3)2NII + CS2 + NaOH (CH3)2N— C— SNa 

S S 

II II 

(CH3)2N— C— S— S— C— N (CH3)2 
S S KCN/^ “Tuadfl" 

II II / 

KNCS + (CHalzN— C^— S— C— N(CH. 3)2 

“Thionox” 

The reaction of aromatic primary and secondary amines with carbon 
disulfide gives derivative's of thiourc'a. 

Thiourea. Thiourea (thiocarbamid(‘) may be prepared by reactions 
analogous to those usc'd for the syntlu'sis of urea: the addition of hydro- 
gen sulfide to cyanamide or the use of ammonium thiocyanate in tlu^ 
Wohler syntlu'sis. In the second nu'thod, higher tx'inpc'ratures are r('- 
quired and the equilil)num is k'ss favorable than in the r(?arrangoment 
of ammonium cyanate. 

S 

H2NC:3=N > IIoN— C-NH2 

S 

!l 

NH4SCN — ” lIoN-C— NH2 

2s^, ; 

The reaction of thiourea with alkylating agents (p. 841), producing 
S-alkylisolhioureas (“jiseudothioureas”), suggests that thiourc'a may be 
tautomeric ((compare with the other thioamides, p. 930). 

S SII 

11 1 

II2N— C— NH2 II2N— C=NH 

SR 

I 

The absorption spectrum of thiourea resembles that of R 2 N — C=iS' H 

S 

II 

more than that of RoN— C — NR 2 . However, the pH of solutions ol 

Buchanan and Bar^ky, •/. .4wi. fVn'tit. Snc.^ 52, 195 (1950) ; Bar.'sky anci Buchanan 
ihid., 63, 1270 (1931); Ban-^ky, Chiniic & iuduslnr, 28, 1032 (1932). 

Kappanna, Quart. ,/. Indian CItcni. «S»c., 4, 217 (1927) [C. A., 21, 3526 (1927)]. 
“fRivier and Borel, Hch. Chun. Acta, 11. 1219 (1928). 
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S 

thiourea and its acyl derivatives indicate tliat the thion \ — C — / 
stru(‘-ture is pnxloniinant. Spe(‘lros(;opic and x-ray data indicate that 
in the solid form, at least, thiourea and urea havt' similar sti'uct ures. 

Thiourea is useful in synthesis (p. 841) but has no large-scale com- 
mercial applications. With foimaldehyde it^ givers products similar to 
urea-formaldehyde resins. Thiour(\a forms (*om])l(‘X addition produ(*4s 
with salts of the heavy metals and forms salts with strong mineral acids. 
Thiouronium nitrate is explosive. Thiourea is mon^ readily a(‘etylat(Hl 
than urea.'^^^ It may be oxidizcal in acid solution to a strongly basic 
disulfide (H 2 NC(:NH)S — SC!(:NH)NH 2 ) and by further oxidation to a 
sulfonic acid,^^’‘^ H 2 Nf '.(-.NIDSOyll. Some of the thiobarbitnric acids, 
obtained by cond(msing thioun'a with substituted malonic (‘sters, are 
])ow(a‘ful hypnotics.’'^ ^ Substituted thioureuis may ])e prepared by he'at- 
ing aminei thioe’yanate's, by the ivaction e)f alkyl isothiex^yanate's with 
amines, by the reau’tion e)f areauatic amine's with carbe)n disulfide, by 
h(‘ating the' amine salts of elithiocarbamic aead, anei by the reae^iems e)f 
amine's with thie)phosgene'. 

S 

. 9 

RNlIrHNCS - > HNII-C- N'llj 

S 

RN=C=S + R.,N1I — > liNII— C-NRj 

S 

I! 

2ArNTT2 + - -> ArNIi--C-NllAr + llaS 

r S 1 - S 

!! ^ I! 

JINH-C-Bj RNH3+ — > RXH— C---NHR + II2S 

.S 

II 

4R2NH + Cl2('=^^ > + 2R2NIMICI 

( 'ristol, Soignourin, and Fouicade, Coi»i>l. rriid., 200, 222d (^1935). 

r.iii and Sicfkon, 466, 192 (1927J. 

|>D6 Dciiieiiy and Nilta, Jinll. Clu-in. Sue. Jaiuiii, 3, 12S (192S) jr. A., 22, 3073 (192K)], 
Wyi'koff and Carey, Z. Knxl., 81, 380 (1932) (C. .1., 26, 4992 (1932)]. 

Ilul)sky, Okac, and TrtiU'k, AI ikTochetnic^ 17, 332 (1935). 

Wornor, Chew. Sot.. 109, 1120 (1910). 

Bocsfkoii, live. Imv. chim., 56, 1010 (1930). 

610 Millor, IVIniK’li, C'ro.^.sley, and llartnng, d. jIw. Chew. Soc., 68, 1090 (193(>) , Taborn 
and Vnlwiler, ibid., 67, 1901 (1935). 
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Diph('nylthiocarbanilicle (.s?/7?i.-dipheiiyl thiourea), prepared by the re- 
action of aniline witli carbon disulfide, is an important rubber acc^c'lerator. 

Thiocyanates. The reaction of potassium thiocyanate with potas- 
sium bisulfate results in the evolution of vapors which may be con- 
dens('d to a white solid. Although this is calk'd thiocyanic acid, it 
may be an equilibrium mixture of thiocyanic and isothiocyaTiic acids 
(H — S — C=N ^ S=C=NH). It melts at about 5° and decomposes 
Avithin a fcnv minutes at room tempei'ature. (Joncc'iitrated solutions in 
dry organic solvents can be kept only at low' t.(mi])eratures, but dilute 
solutions are more stabU'.*''^* 

Thi()(*.yanogen (N^C — S — S — f=N) may be obt ained by the reac- 
tion of metalli(^ thiocyanates with halogens. In its use for the ('stinia- 
tion of unsaturation and in its ri'actions with aromatic (‘omj)ounds 
it is analogous to th(' halogens; thiocyanogen has b(‘(‘n called a psc'udo- 
halogen.^^^ Good yields of aryl thiocyanat(‘s ar(‘ obtaiiu'd by treating 
a metalli(* thiocyanate and an aromatics compound with bromine or 
copper sulfate. 

2KRCX + Br 2 2 KBr + (SCX). ' --- > ArSCX + IISCX 
4KSCN + 2 CuS ()4 -> K 2 SO 4 + Cii 2 (SC^X)‘> + (SCX )2 - -> ArSCX -f- ilSCN 

Aril 

Alkyl thiocyanates, 11S(_'N, are r('lali\(‘ly stable but u])o)i la-ating 
may isomerize to isothiocyanates. They ai(‘ usually j)r('})a)'C(.l by alkyl- 
ation of a salt of thioc.yanic acid;'’” a bnv liavi; been obtained by the 
reaction of mcicaptides with cyanogen chloride. 

iix -b KHcx -> Kx + rsc;n 

(RSlaPb + 2C1CN -> J’bCb + 2RHCX 

Alkyl thiocyanates may be oxidized to sulfonic acids ()>. S89) and naluced 
to mercaptans.'’"’ Lauryl thiocyanate,'’”' t'ioIb,r,S( 'N, and butyl carbi- 
tol thiocyanate, C 4 H 90 (Tl 2 CH 20 C;il 2 (:H.,SCN (“Lethane”j, an; im- 
portant in.secticide.s which have bc'cn n'cent.ly developed. 

Kaufinann and Kdglcr, Brr., 68, 1553 (19-5). 

(’aldwcll and Piontkowski, J. Am. dunn. Sue., 66, 2()8() (19.34j. 

Dienske, Rtc. trnv. chim., 46, 154 (191i7). 

Kaiifniann and Liopc, Her., 67, 923 (192-4). 

Kaufinann and OehriiiK, Bi r., 69, 1S7 (1929). 

Kaufinann and Kuchlcr, Bvr., 67, 944 n934). 

Dolepino and Jofftnix, dompf. rend., 172, 158 (1921). 

Ilofinann, Ber., 1, 1()9 (1898). 

Bousquet, Salzher^^, and Diotz, Ind. Kng. Chem., 27, 1342 (1935). 
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Isothiocyanates. Alkyl isothiocyanatcs, also calk'd “niusiard oils,” 
have a characteristic sharj) odor and bilinf*; taste. They are usually ob- 
tained by the rearrangeni('iit of (hiocyauati's or by heating dithiocar- 
bamat{',s with mercuric chloride (u- basic k'ad acetate.'*^® 

^ lletif 

K— S— — > R 

RNIICSzNHali + HgCl^- -> RNII 3 CI + ]{NIlC^S,IigCl 

i 

RX.^C^-=S + HgS + IICI 

KNHCSsNa + CHsCOsPbOTT R— N=C^=S + I’hS + VU^COnNix + lhO 

The reaelioTis of isotluoeyaiiales are analogous to Ihost* of isoeyn- 
nat(‘s. Iso tliioey anal (‘s r(‘a(*t. with wah'r to giv<‘ disiihstit uted ihioiin'as, 
with a.leohols to giv(‘ tliionearliainates, with anunes to give tliioureas, 
and with the* (trignard reagend (p. OTl) to giv(‘ lluoamides. 

S 

HaO imcs II 

> RNIICS 2 TI CS 2 + RXII2 > RX1T -0--N1IR 

R^-K=:=:C=S — ^ 

iron 

RNIIC^- -OR' 
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INTRODUCTION 

Organic fluorides have bec'ii prepared by a variety of methods, and 
tlieir propertii'S were invest igatc'd witli varying tlioroughness from 1841} 
until 1980. The most accural e work has lou^ nanained accossil)lc in 
abstract form only, and this j)robably explains wliy the fluoi'ides accpiired 
the undeserved n^putation of dangerous laboratory curiosities. After 
1980, however, the commercialization of polyfluorides as refrigeration 
agents in household dc'viees and, more strikingly, lheir use in air- 
conditioning equipiiKuit brought a sudden, perhaps overenthusiast ie, 
interest in these' compounds and a tendency to regard all fluoride's as 
harmless, inert eompenmds. From about 1988 ie) elate me)re critical 
studic's have made it possible to classify the dc'gree of chemie^al activity 
of the variems flue)rid('s, to take' advantage of thear activity as w(‘ll as 
their inertness, and te> prese'iit a ce)here'nt picture of the sul)jee‘i; as a 
whejle. 

One finds that, aftea* the e*lassical j)ione'e'ring of J\le)issan was com- 
I)l('te'el arejund 1900, we)rthwhile‘ ce)ntribut ions in the next twenty-five 
ye'ars we're j)raetically limite'el to the inve'stigations e)f F'"r6el6ric Swarts. 
Sine*.e 1925 more' numerous anel me)re ei*itical {)ublications have appe'ared. 
The' pre'se'ut survey aims at a eonqm'he'nsive pieiture of the' fie'ld as e)f 
January 1, 19J1. In e)rel('r te) avejid duplicatiem, it leave's the de'seriptie)n 
of ele'tails, ae^aele'uiie curie)sitie's, anel studie's that are interCvSting but not 
ge'iK'ral in nature to pre'ceding ce)mpilatie)ns.* 

The ju’e'se'ntation is alme)st. emnpU'te'ly limite'd to aliphatic cenn- 
pounels, beerause aromatic fluoride's have chemiead, physie)logical, and 
])hysical j)re){)e'rtie's which are me)re or le'ss pre'elictable' fre)m the kne)wn 
trends e)f the eithe'r are)matic haliele's, where'as aliphatic compounels may 
or may not she)w the charaede'ristics te) be e*xpe'cte'el by anale)gy. The 
aliphatic compe)unds have also be'e'ii used in me)re original applications. 


METHODS OF PREPARATION 

All the methe)ds known te) introeluce halogen ate)ms into organic mole- 
cule's can be^ use'el to synthe'size^ fluoride's. All e)f the'm, however, have 
important limitations. At the prese'nt nu)ment the', inc'thejel rae)st ge'ii- 
erally use'el is the interchange e)f haloge'ii atoms beTwe'e'u an e)rganic halide 
and an inorganic fluoride; sece)nel in practical importances is the addition 
e)f hydre)gen fiue)riele' to a ele)uble or trii)lc bond, a method which is yet 
in its infancy, but is growing fast. 

* Key references may be found at the end of the chapter. 
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Direct Fluorination. Most or^anit^ substaiUHvs burn or explode when 
introduced into a fluorine aimosphen^ Carbon ^ivcs mostly carbon 
t(4.rafluorid(‘, Imt also small quantities of oth(U' compounds (C 2 F 6 , C 2 F 4 , 
CaFs) and ap])arenlly higher homolog;s Cr/F 2 „-f 2 -^’ ^ Some cyclic 
com])ounds have Ixmui claiiiKHl l)ut in an uncoii\un(*iu^ 2 ; fashion. Hydro- 
carbons can be fluoj*iiiated in lh(' gaseous form ov('r (iopjxT gauze by 
im'ans of fluoriii(‘ diluted by niti*og(ai; and a vari(‘ty of redaction products 
obtained by th(^ r('j)lacement of h^Mrogen by fluorine in th(^ original hy- 
drocarbon, and its d(‘composilioii products, liavc^ Ix'en listed.^’ ® 

Th(' hydrogen atoms, the chlorine atom, or ]x)th ek'iiK'iits may be re- 
placed in ethyl chl()rid(\^^^ Organic jxdylialides un(l(M*go partial replace- 
ment of th(^ halogens, and ethylenic or aromatic ])olyhalides giv(‘ prodin^ts 
of addition as w(‘ll as substitution.^^’ 

Li(|uid or dissolved paraffins and ha.log(‘nat(‘d d(Mivativ(\s have re- 
peatedly Ixx'n subjectcxl to fluorine', but without much su(‘(*(\ss and with 
many accidcaits due to accumulation of imreacic'd fluorine': suce*e\ssful 
results have, howeve'r, bc'cn obtained by eaiusing the flue)rine^ actie)n te) 
take i)lae‘e at the' surfae’e of the lie{uid or in an inea’t solve'nt.^' 

General inelications have' Ix'en obtahu'el that llie' flue)rinatie)n of fatt^y 
aciels occurs me)stly in the' (3- and 7 -ix)sitie)ns, aiid it has ))e'e'ii e*laime'el 
that the hydre)ge'n ate)ms in an a-positiem are ])re)tect('d by the adjae*cnt 
carbe)xyl groui).’*^’ Olefins and ok'finie' acids have give'ii ve'ry small 
yields of elifluoride's.^^’ Other com]X)unels have gi\’e'n indefinite', fhu)- 
riiu'-eontaining prexlucts. 

This niethe)d se'e'ins to have se)me limitatiems. 

{(i) When it is used to re‘plae*-e hydre)ge'n, it inevitably ce)nsumes e)ne'- 
half of the fluorine, the most valuable re'agent, io manufacture hyelroge'n 
flueu’iele, a che'aper by-product. The re'action prexlucts are freque'iitly 
difficult to se'parate' from the' starting material as well as frexn e'ach other, 

^ Mois^aii, Comjft. tc/hL, 110, 270 (isaO), 

" T,ebt*aii and I)anii(‘ns, 182 , 1:J40 {1920). 

^ KiifT and Koiiu, Z. a/n>rg. alUjcin. (7/rm., 192 , 219 (1920;. 

^ Simons and Ulock, J. Am. ('Ju m. Site., 69 , 141)7 il927) ; 61 , 29(>1 (1929). 

^ Bi^t'low, T'earson, (’ook, and Mill(‘r, ihtd., 55, 4014 (1922). 

« ('alfee and Bij^cdow, ihuL, 59 , 2072 (1927). 

^ Calfco, Fukuhara, and Bigtdow, -thid., 61 , 2552 (1929). 

® YoiiriK, I'nknhara, and Bi^tdow, ihid., 62 , 1171 (1940). 

^ Iladloy and Bi^olow, dnd., 62 , 2202 (1940). 

Calfee, Fukuhara, Young, and Big(4ow, dnd,, 62 , 207 (1940). 

Bigedow and Pearson, ihid., 56 , 2772 (192d). 

Miller, Calfee, and Bigedow, ihtd.j 59 , 19S (1927). 

Fukuhara and Bigelow, ihid., 60 , 427 (192Sj. 

Frodenhagen and CadcnV)ach, Brr., 67 , 92S (1924). 

Bockerniiller, Ann., 506 , 20 (1922). 

Miller, J. Am. (Imm. Soc., 62 , 241 (1940). 

C'aleott and Benning, LI. S. pat. 2,012,020 [F.d., 29 , 0900 (1925)]. 
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1 li(' heat of reaction is greater than llie ('nergy required to break a 
earhon-to-carbon linkage. 

{h) Jo r('])lace halogcai atoms, Iho action of fr(‘e fluorine does not 
have any advantages ov(‘r other methods which are cheajxa*, more con- 
venient, and less dange^rous. 

(c) In all cases tlu^ number of subvstitutions and the location of the 
fluorine atoms in the rc'action products liave^ beiai iin[)redictabl(s and 
their precise control is not yet. available. Tli(‘ purity of tlu^ fluorine is 
of great importance^ anel stre'ss has b(‘eai place'd on the' aelverse effect e)f 
small amounts of oxieles. 

Esterification of an Alcohol. It is j)e)ssil)le' but entirely imf)racticable 
le) esterify an alcefliol with e'eme'entratenl aejiu'ous hydrofluoric aciel, 
because the saponification e)f the me)ne)flue)rid(\s isfarte)o pre'])e)nelerant. 
It is eapially impraeti(*al)le te) circumvemt this by removal of wate'r, 
because all the ele'sice'ating agents trie'd have causenl the d(‘e*ompositie)ri 
e)f the fluoride's into ole'fins anel hyelre)g('n fluoride'. The same e)bje‘ctie)n, 
as we‘11 as the formation ejf ethe'rs, ele'fe'ats atte'inpts to inte'ract. alcohols 
with an exce'ss e)f anhydrems hyelroge'ii fluoride. Finally, a roundabenit 
])re)ceehire sue*h as tlie' use of a phe)sphe)rus fluoride leaels only to e\st(TS 
f phosphe)rie^ aciel. The'se' e)l)stae*le's ('xj)laiii why the' syntlu'sis of 
fluoride's by e'sterifie*a1 ion has be'c'n alnie)st cejmplete'ly abaneleme'd. 

Addition of Hydrogen Fluoride. The' aelelitiem e)f hyelre)ge‘n fluoride 
is a iK'w pre)ce*elure which offe'rs mucli ju’eunise. Acetyle'ne' itself reacts 
witli difficulty, at room te'inpe'rature, te) give a mixture of vinyl fluoriele 
and asynime'trie^al elifluore)e'thane', but the' highe*r alkynes react, reaelily 
at —70^ te) — ()()° to give* 2/2-difluejre)alkane\s e'xe-lusive'ly.^^ The main 
pre)ble'ni is io e)l)tain the' C'e)mple‘t ion of the* a,defitie)n j*e'ae‘tie)n and at the 
same time' j)re've‘iit the fe)rmation of r(*sine)us j)roelucls. 

Ole'fins and hyeli-oge'u fl\U)riele have* bc'e'n succe'ssfully ce)mbine'd.^®’ 
The adelitie)!! invaiiably yie'lels a se'e'ondaiy e)r a tertiary fluoriele, but 
ne've'r a primary e*om])e)unel e'xerpt, of e'ourse, fe)r the' adelition to ethylene 
itse'lf. The practie'al problem is te) hinele'r the re've'rsal e)f the re'action, 
whie’h is particularly like'ly to e)ccur with tertiary fluoride's and is en- 
haiH'ed by he'at e)r tlu' i)rese'ne*e' e)f aciels. This difficulty disappe'ars when 
the ole'fin alre'aely e*arrie's a haloge'ii ale)m e)n one of the de)ubly linkcKl car- 
be)n atoms: fe)r insta,ne*e', vinyl chle)ride' yiedds stable CH3CHCIF, while 
CU:iCli=CC ]2 very e'asily give's ClhciuCCUV. and CH3C01=CHC1 
yields OII3CKUFOH2CI epiantitative'ly.-^ In all (iase's, the rule of Mar- 

Crosse and Lind, iialtiniore meeting of the Anicricaii Chemical Socu^ty, 1939. 

V. Crosse and Lind, ,/. Org. Chew., 3, ‘JG (193S). 

V. (L'osse, Wackor, and Lind, ./. f^hijs. Chern., 44, 275 (1940). 

Ilenne and Wlialey, nn]>iiblis}ied results. 
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kownikoff and the theory of Kharasch - are verified, and so far it has 
been impossible to re.verse the direction of addition. The ])atent litei'a- 
ture describes the addition of hydrogc'ii fluorides to oleic and stciarolic 
acids, to yield fliioro and difiiiorosh'aric acids, resp(H‘tive]y. These are 
reporU'd as sta})le compounds, a claim vvhi(*h it would be interesting to 
confirm. 

Cyclopro])an(' conil)in(\s with hydrogen fluoridci to giv(^ normal proi^yl 
fluoride. Good conti-ol of the exp(‘rim('ntal conditions is ess(mtial 
because, when cyclof)ro])ane and liydrogen fluorid(' int(Ta,ct too sud- 
denly, the rc'sulting normal ])ro))vl fluoride d(H*oin])os('s into hydrogem 
fluoride and propykau', and wluai th(\se t wo (*oni])ounds n'combine they 
yield isopr()])yl fluoride. Th(‘r(‘foi-e, a lack of 2)r(‘cautions may lead to a 
mixture of naiclion iirodmds and t-o an incorrect inteiprcdalion. 

Substitution Methods. TIk^ principle of the substitution nu'thods \ 
consists in causing a double^ excliang(‘ to tak(' jflace lxdw(^en an organic 
halide and an inorganic fluoride, or Ixdwcaai an organic sulfat(' and an 
inorganic fluoridca Sulfates are wry r.ar(‘ly used, and the original syn- 
thesis of nu'thyl fluoride from dimethyl sulfate and potassium fluorid(‘ 
is now of historical imj)ortance only. Wlaai the organic halogen to bc^ 
substitut('d is chemically very active, the substitution is usually quite 
simple; for instance, an a(‘yl halide is transformed into the corn^sponding 
acyl fluoiid(' b}^ nutans of antimony fluoride^, hydrogcai fluorid(‘,~*' or evcai 
potassium fluoride in hot acetic anhydride.^^' Similarly, sulfonyl fluorkk's 
are coinTuitaitly obtained from sulfon^d (*hloridc\s and zinc fluoride. 

Alkyl monohalid(\s are converted to tlu' fiuoridc's by agents such as 
silv('r, mercurous, or mercuric fluorides. In most laboratoric's it is more 
convenk'nt to use a fluorid(‘ of niercury.‘“^’ Organic })o!yhalid(‘s 
with sev('ral halogen atoms locatcxl on the sa-nK‘ (‘arboii atom are bc‘st 
treated with antimony trifluoiid(\ pentavakmt antimony fluonxiiloiides, 
or similar inorganic fluorides. Antimony trifluoride seldom acts efli- 
ciently by itself, but a small (]uantily of jx'ntavtikait salt., atfling as 
^^fluorine carrier,^^ permits the exchange of halogen atoms to i)ro(x^ed to 
completion. Antimony fluorochloride is used for veay difficult substitu- 

Kharasch, EriRclmaii, and Mayo, Org. (Item., 2 , 20S (HKiT). 

I. G. Farben Industrie, Fr. pat. 799,422 [F.U., 30 , ToS.'j (19.20)]. 

1. G. Farben Industrie, Fr. pat. 7SG,112. Gcr. pat. 021,977 [F.A., 30 , 2314 (193G)]. 

1 redenhageri and Cadenliach, Z. physik. Chvm,, A164, 201 (1933). 

Nesiii(*yanov and Kalin, Ht r.^ 67 , 370 (19.34). 

Davies and Dick, ,/. Chem. Soc., 483 , 2042 (19.32). 

Swarts, Bull, clause sci. Acad. ray. Bclg., [5] 22 , 78 1 (1930); Bull. soc. chhn. Bely. 
4^, 10 (1937). 

-^sileimc and Renoll, J. Am. Chem. Sac., 60 , 1000 (1938;. 

3«Henne, 'ibid., 60 , 1509 (1938). 

31 Heime and Midgley, ibid., 68, SS4 (193G). 
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tions. Hydrogen fluoride (‘an act as the source of fluorine for organic, 
di- or tri-halides whose halogen atoms are all link(Hl to a single carbon 
atom: example's are the conversion of CcMrX'Cli to CoHr^CF^i, 
to CH^CFs, and ClIaC^CbCHa to CHijC^FoCH.s. 

Limitations of Substitution Methods. Antime^ny fluoride, which is 
by far the most wid('ly usi'd ag('ni., acts as follows: in the nu'thane seric's 
it converts CCl.t to CC-I3F and CXI2F2 very rc'adily. lOxtremely small 
amounts of CCIF^ have' be'cn obtaiiu'd at high te'm[)era.ture^ and liigh 
pressure in the laboratory, and also as a minor by-])roeiuct in the' indus- 
trial manufae'luring of CX'l2F2. Similarly, (‘hloroforin is easily Irans- 
lorme'd into ClIUl^F and dIC’'lF2, but not into fluoroform,*^- and at- 
tempts to use large' proportions of antimony flue)rochl()ri(l(\s at high temi- 
})eraturc cause', decomposition and substitution of the hydrogen by chlo- 
rine'. Methyh'ne chloride is easily transformed into ( TL>F2, though much 
de'e^omposilion occurs. TMe'thyl chloride is not. atfeu'te'd by aiitimony 
fluoride'. It is thus e'k'ar that-, in the methane seaie's, two fluoiane atoms 
and no more are easily introduce'd by antimony fluoride', into jiolyhalide's. 
if tliis limitation is to be circumvented, it is nee'e'ssary to (*atl a diffe'rent 
fluorinating age'iit into l)lay when the' limits of antimony fluoride' have 
beeiii reiached: for e'xample', fliioroform is e'fficie'ntly made' from CUBrFY^,’'**'’ 
and methyl fluoride from nu'thyl chloi*id(' by means of me'rcuric fluoride. 

In the ('thane serms, the' action of antimony fluoride' has limitations of 
position, in addit ion to the^ limitations of ext ent. J le'xachloroethane givers 
the following fluorides: CChCCUF; tXJloFCCLF; CCloFC^ClFo; and 
(X.-1F2(.'C1F2; an entii'ely symmetrical e‘,(3urse is thus eivident.'^^ Tlie 
])i*esence of hydrogen in the mole*cule markedly alte'rs the e*oui‘S(^ as 
we'll as the e^xte'ut of the haloge'n e'xchange. Pentac.liloroe'thane give's 
Ihen CIlCLCXdl^o easily, but thei ne'xt substitution is ve'iy 
difficult to i)erforni and the Ibrmula of the ix'sulting ti*iffuoride has 
not ])een convinedngly ('stablisluHl.^^ Acetyk'iie^ te'lrachloridej yields 
(TLCkf^HClF, then CHCUCHF. relative'ly (‘asily. The' third ste'i) was 
originall}^ re'porte*d by Swarts to be CTIClFClTFo, a e^ompound healing 
at> 17 "^; although this was ce'rtainly correct,, unde'r the^ e'xjx'rime'ntal con- 
ditions used,* all e'fforts at dupIie*ation in a laboratory as we'll as on an 
industrial scale have always yie*kk'd CTT2CICF3, a c(jmpe)und boiling at 
An explanation of this anomaly is offered wliie'h consists of a parting 

ihi(L, 59, IFK) (l<Ki7). 
vX/V/., 59, 1200 (lOIJT). 

Locke, Brodo, iiiid lleiitie, jhid., 56, 172e> (1934). 

Hoime Lind Ladd, ihid., 58, 402 (193e*0. 

^SSwarts, Mnn, Acad, roy. Bdg., 61, 1 94 (1901). 

* Dr. Swartti attributed many of his excellent results to the use of platinum ecpiipment 
(Private coinnuiuication.) 

Ileiine and Bcnoll, Am. Ckem. Soc.t 58 , 887 (1930). 
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of CHCI2CHF2 into HCl and CHC1=CF2, followed by an addition of 
HF or HCl to give CH2CICCIF2 and CIWCF;^, It is to be noted 
that the rearrangement can be avoided by using, as th(^ sourc^e of fluo- 
rine, mercairic fluoride, which giv('.s th(' sequence normally expeebni, 
CHBr2CHF2 CHBrFClIF2 C1IF2C1IF2/^^ 

Other ethane derivai ives give the following results : CH2CICHCI2 

CH2CICHCIF and CH2CICHF2; ClhCCh CHyCXJl.F, CH^CCWo, 
and CH3CF2; CH3CHCI2 CH3CHCUF and CHhCIIFo; CH^CIToCl ^ 
no reaction. Mercury and silver fluorides can overcome th(' limitations, 
as in the methane derivative's. 

To sum up, the following main trends of llu' ethane seri(\s can be 
listed: (1) the ease of transforming a CCI3 group into a CCIF2 group; 
( 2 ) the rarity of forming CF3 groups; ( 3 ) the resist anet* of (TIC12 grouj^s, 
parti(;ularly when they are adjaceait to a. group alrc'ady fluorinab^d. 

An (examination of tine i)ropane s('ri('s“^’ (‘onfirins and c'nlargc's 

tlmse findings. Octaehloro])ropane giv(\s suee('ssiv(‘ly CCl2l^TX 'l^CCb, 
CCI2FCCI2CCM2F, CCUFoCXUoCXdoF, and CCilUVUCClV.. This con- 
firms the reactivity (jf the CCI3 group and ])aralk'ls closc'ly 1 lie Ix'havior 
of C2CI6. Asymim'trical h(‘])tachloropropane givers ( TlChCChCChd^ 
CHCl 2 CCl 2 C( 3 Fo, CHCloCClFCXm, and C 11 C\FC(W(VIV.. This 
indicates the sluggishiu'ss of the *— (XI2 — group, th(‘ diffi(*ulty of Replac- 
ing both halogen atoms by fluorine, and it, (‘onfirins tlu' r‘(‘sistanc(e oi 
CHCI2 to fluorines exchange as alr(‘ady ()bs(‘rv('d in th(‘ ('thanes sctic's. 
Diehloropropane, Cil3(.'Cl2CH3, giv(‘s CH^Cd^hCII.^, and trichloropro- 
pane, CH3CH2CCI3, gives CII3CIJ2CF3 with grc'at (nsc'; th(es(' easels an' 
similar to that of CH3CCI3 which is veny easily conv('rt(‘d to CII3CF3; 
in each instance, all the halogens an^ })lac('d on a singhe carbon atom. 

Decomposition of a Quaternary Ammonium Fluoride. This na thod 
is very limib'd in its application, but it allowed Ingold to pr('{)ar*(^ benzyl 
fluoride with a 00 pc'r cent yield as follows: 


(C6H5CH2)(CH3)3NF CGlUCdIoF+ (CIl3)3N 


Introduction of Fluorine into a Benzene Ring. Aromatic fluorides 
are b(\st prepared by way of a diazoniuin conq)ound. An amine can b(‘ 
diazotized in hydrofluoric acid solution, and the diazoniuin fluoride 
decomposed to the corresponding aryl fluoride, with simultaneous 

Hennc and Renoll, ihhl., 68, 8S0 (1930). 

Henne and Hubhaid, ihid., 58, 404 (1930). 

Hennc and Renoll, ibid., 69 , 2434 (1937). 

Henne and J^add, ibid., 60 , 2491 (193S). 

Henne, Renoll, and Leicester, ibid., 61 , 938 (1939). 

Henne and Renoll, ibid., 61 , 24<S9 (1939). 

Henne and Haeckl, ibuL, 63 , 3470 (1941), 

** Ingold and Ingold, J. Chern. Soc., 2249 (1928). 
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evolution of nitrogen. The literature, however, is full of contradictory 
indications as to yields and by-products. Nev(‘rthel(‘ss, good yields 
can be obtained by using an exceedingly large excess of concentrated 
acid, or by carrying out the diazotization with solid sodium nitrite in 
anhydi’ous hydrogc^n fluoride. This last proct'dure offers attractive in- 
dustriid advantage's. 

Neither method is practicable in most laboratories, and it is more 
convenient to resort to one of the following modifications. The older 
one consists in forining a (^ou|)l('d product of the diazonium compound 
with a s('(*ondary aliphatic amine, usually pii)eridin('. The n'sulting 
diazopi])ejidid(*, ArN:NN((Tl2)r„ is easily decomposed about room tem- 
pi'rature by (*oncentrat(‘d hydrofluoric acid into pi]X'ridine hydrofluoride' 
and an aryl fluoride. The' latle'r is obtained in yiedels of are)iind 50 pe'r 
c'ent, and the fe)rme'r can be' recovere'd for subse'eiuent. operations. The' 
yields are' ve'ry sensitive' to im])uritie's. The* newer methods e*e)n- 
sist in ise)lating semie inse)lii])le' diaze)nium de)uble flueu-ide, the nmst cem- 
ve'iiie'iit of whieii is a. be)re)fluoride. The se)lulie)n of diaze:)nium salt is 
tre'ate'el witli sexlium be)re)fluoriele', to form an insefliible crystalline be)re)- 
flue>ride‘, ArN2BF4, whie'h is stable, easily se‘})arate‘d, re'e*rystallized, and 
drie'd. On ge'iitle' he*aling it de‘Compe)S('‘^ at a ele'finite te'm])erature inte) an 
aryl fluoride*, nitrejge'ii, anel be)re)U fluoride, v/hie'h e*an be* re'ce)ve're'd. The* 
yie'lds, whicli are fre'eiue'utly e‘xe*e'll('nt, are influc'ne'e'd by the gremps 
])r('sent e)n the be'iizenu' ring. 


EFFECT ON PHYSICAL PROPERTIES 

In ge'neral, flue)rine' affects physical propertk's such as demsity, 
re'fractive* inde'x, e)r visce)sity in the* same maniu*r as the' efllu'r haloge'iis 
elo, but the* e*fTe'ct is much smaller than that e)f chlea’ine. By cemtrast, 
fluorine* has an e*xce*e'dingly stremg influe'nce' on the be)iling pe)int and on 
the melting point; and the* magnituele as wtU as the direction of its 
e'ffe'ct are' entiredy out e)f line' with the otlu'r halogens. 

Density. The re'plae*e'me'nt of hydre)ge'n by fluorine increases the 
de'nsity by progressive'ly ele'crcasing incre'inenls. 

Viscosity. The e'xpe'rime'iital elata have been e)btained and critically 
diseaisse'd by Swarts,^'-^ who found only approximate, empirical rulers 
rather than de'finite aelelitive properties. The visce)sities e)f scune indus- 
trially use'd fiue)]’ide^s have a.lso beeai reported.^’^’ 

Wallach, Ann., 235 , 2r)5 (1880) ; Wallach and Heiislor, Ann., 243 , 219 (1888). 

l^alz and vSehiemann, Bcr., 60 , 1180 (1927). 

Mei|Ks, U. S. pat. 1,910,827 27 , 4539 (193.1)]. 

Swarts, J . chitn. phi/s., 28 , 022 (1931). 

Benning and Markwood, Ui friQ. Eng., 37, 243 (1939). 

Ilovorka and Geiger, */. Am. Cheni. Soc., 66 , 471)0 (1933). 
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TABLE I 


Density Differences 



d 

Ad 


d 

Ad 

CgIIm 

0.6G0 


CfilRCAlI^^ . 

1.156 




0.132 


0.001 

C4H9CHFC113,.. . 

0 702 


P-CcTIfAIliF 

1.247 




0.110 



0.080 

C4HCJCF2C113 

0.002 


/., 7 >'-C 6 lT 4 FCfJliF. . 

1 336 


Cell 6 

0.S7i 


CfJIsCHi 

0 866 




0.151 



0.162 

CgTI,F 

1 022 


CfilLClLF 

1 028 




0.131 



0 108 

??eCcH }Eo 

1 . 153 


CcfhCTTFo 

1 .136 







0.052 




AIIjCF;, 

1.188 



Dielectric Constant and Dipole Moment. Tho first nioasiireriK^nts of 
Watson and Smyth wore erilically ('xaminod, i‘(‘p(‘at('d, and en- 
larged by Fuoss,^’’ who listed the following vahicvs foi- tli(‘ dipoh' momi'iit^s: 
CF4, 0.0; CTaCl, 0.47; CV.CU, OMr, 0.5.4; (TUFoCClFo, 0.0; 

CH3CF3,2,27; CIi.,(X4Fo, 2.14; CF.,(d^V4, 0. 14 ; and CF.,riL,C4, 1.G4. 

Refraction and Dispersion. Th(‘S(‘ proporl i(\s ha\'o b(M‘n fully invest i- 
gated by Swarts/^^ who coinimred a large nunilxa* of fliioiine d(‘rivativ(\s 
with similar hydrogen coni])ounds. Ilis (‘onelusion was that tlu^ i*efrac- 
tive increment of fluorine is not veiy diff(T(‘nt from that of h3^drog(ai, and 
that the value 1 .0 scxmis most a(*(‘(‘ptabl(\ He also found that the atornici 
dispersion of fluorine is exeeedingl.y small, almost z(m*o. Similar results 
are also reported by v. Grosse.^^’ 

Parachor. Measurements made on aromatics substances first- gave 
an atomic? value of 25.0 for the i)ara(?hor iiicaxancait- of fluorine. Addi- 
tional expc'rimental data made? it iiossible to (?om])are thc' j)arac*hor of 
fliiorinatc'd substances with the coiwsponding hydrogemated substances 
and to obtain a differcaic^c^ of 10.5 in ali]>hati(? compounds, 9.4 in aromatic 
compounds, and 8.4 in CF3 groups. If one acc('])t-s thc^ constant value of 


Watson, Rao, and Rarnaswany, Pntc. Rot/. Soc. (London), A143, 558 (1084). 
Watson, Kano, and Rarnaswany, ihid., A156, 187 (1080). 

Smyth and MoAlpin, ,7. Chrm. J^hi/s., 1, 100 (1088). 

Fuoss, J. Arn. (Lrrn. Soc., 60, 1C>.8.8 (1088). 

Swarts, J. chim. phus., 20, 80 (1028). 

Allen and Sugdon, J. Chnn. Soc., 700 (10.32). 

6® Desreux, Bull. f^oc. chim. Bdg., 44, 249 (1935). 
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15.8 for hydroffon, it, follows that Iho fluorine value is 20.3 in aliphatic 
compounds, 25.1 in aromatics compounds, and 24.2 in groups. 

Thermod 3 mamic Properties. The thermodynamic properties of the 
fluorinated refrigerants have been well summariz(>d by Buffing- 
ton ®'’ ®-’ '’•* and by Reaming,'’’^’ who w('re interested in engineering 
applications for the refrigeration indu.stry. 

Boiling Point. Tabh^ 11 li.sts the boiling points of the chlorine and 
fluorine substitution products of methane. 




TABLE ir 



GCb 70° 

CCbF 25" 

CCloFo -29^ 

cciPh ~sr 

CF 4 - 12 S" 

CHCb 61 ° 

CllCloF 0 " 

CIICIF 2 -4J" 

C 4 IF 3 -83" 


CIT 2 CI 2 40" 

CTToClF -9” 

CIT 2 F 2 -52" 



CTI 3 CI - 21 " 

CH;iF -7S" 




In this inrlliane serubs, tho siil)stitnli()ii of a chloriuo 
fluoriiK^ atom lowers tlie boiling I)oint by 51"^ on an avca'a^c' 
talmlation^ iisinti; lironiofluoro-dtaivativa'S, would indieaic^ 

atom by a 
. A similar 
an av(Ta^(' 


depression of (S0°. 

lIowev('r, if on(‘ tabulatc'S tht' eom]K)un(ls obtaincal by substituting 
fluorine' for hydroge-n in ns'lliane, one' eebtains a jnedure' ('ntiivly ditfere'iit 
from that of the other haleegens. I’.'iblee 111 shows that the' last two 


TAltLK HI 



1 1 

B. P, 

j 

1 )iffrr('TK*(' 

( 

; ! 
1 { 

B. B. 

T)iiTtMviK*o 

Vll^ 



+ 'Hi 

-191" 




4-147 

li 

+ S3 

Cl I, Cl 

-24" 

4-0 1 

1 CU.^V 

i 

! 

“78" 

4-29 

C^IToCb 

4 49" 


1 CTloFo 

-52" 



4-21 

1 

1 

-31 

CIICIi 

4-91" 


1 CTTFn 

-S3" 



+ 10 

1 


-45 

ecu . . 

'1 7(> ’ 

f 1 

CK, 

-128" 




1 

1 

1 

! 




**’■* BeiftiuKtoii jiMfl (iilkcy, Ind. Kmu Chrtit., 23. IJeM (lOol). 

•■''’Gilke-y, Gciara, :ui<l liixloi, (/«-/., 23, Sell (I'.iaiJ. 

Jiicliowt'k.y anil Gilkc.v, iluJ., 23. aeiei (1931). 
lluflinfjton and Fli'isclior, ihiiL, 23. 121H) (1931). 

“^BuHinKlon and Gilko.v, 23, 1292 (1931). 

BnnniiiK and Mcllarnfs.s, itmt., 31, 912 (1939) ; 32, 497 (1940) ; 32, 098 (1940) ; 32 
S14 (1940). 

“’BeuninK, Mnllarncsa, Markwood, and Smith, ibid., 32 , 970 (1940). 
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fluorine substitutions actually lower the boiling point whereas other 
halogens invariably raise it. This raising and lowering of the boiling 
point caused by a substitution of fluorine for hydrog(‘n is further illus- 
trat'd by comparing the compounds of Table II in a diagonal fashion, 
as for instance : 

B. P. CCIII, -24'’ CCIFH 2 -9'’ CCIF 2 II -41° CCIF 3 -81° 
Difference 4-15 —32 —40 

The same general considerations pn'vail in the ethane series; that is, 
the substitution of a chlorine atom by a fluorine atom invariably causes 
a 42° depression, while the effect obtained by substituting fluorim' for 
hydrogen atoms may be either a raising or a lowering of tlie boiling 
point, as shown in Fig. 1. In this case the second fluorine substitution 


CII,iCIl 3 -89° 
CH 3 CH 2 F -38° 


+ 13/" \-l48 

/ \ 

CHjCIIFj -25° CII 2 FCILF +10° 



CII 2 FCF 3 -32° CIIF 2 CIIF 2 -23° 



CIIF 2 CF 2 -48° 


-"i 

CFaCFa -79'^ 


Fig. 1 


\ 


\ 


still causes the boiling point to ris(' but by different quantities, d(‘p('n(ling 
on the place of th(^ second fluorine in the iiioleeule; the third and fourth 
substitutions raise or lower the boiling point, depending on the places of 
the substitution; the fifth and the sixth lower the boiling point. High(T 
members are subject to the same kind of observations, for which no 
satisfactory explanation has yet been advanced, and the same effect 
can be observed in the polar fluorid(is of Table IV. 
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TABLE IV 


CH.tCIIzOII 7S° 
CH2l'’CH20II 103“ 

chfoCiloii !«r 

CF;,CIl20H 78“ 


CHsCOill 117“ 
CH 2 FC() 2 lI 165“ 
CIIF 2 CO 2 TT 134“ 
CF.,C02lI 72“ 


The boiling points of hoinologs differ by about 30°, as shown in 
Table V. 


TABLE V 


CTT2F2 - 52" 
CH:,CUV2 -25' 
C2T1,CMF2 -fO" 


C6Hi.{CnF2 120" 


CTl:,(nA>CK.{ 0" 
31" 

Cli,Cl^C:{TT7 GO" 


Freezing Point. Fully halogenated coinixmiuls invariably give well- 
defined, soft cr^'stals. In contrast, compounds which contain hydrogen 
in their molecules thicken to a glass at low lempcu’atun' and crystalliz(‘ 
with difficulty if at all. llovv('\a*r, compounds which acaaimulate all 
their hydrogen on some carbon atoms, and all th(^ lialogcuis on other 
carbon atoms, do crystallize (‘asily, and tlv*ir melting j)oints are sur- 
prisingly high. For (dT-C^FoCX'dy merits a-t +52"^, whiles 

CCl^CFoCX^la melts at 

The homologous siaies of Tabk^ VI present altcaaiating fnu^zing points 
similar to those of the low ])araflius. 


TABLE VI 


CF.Jl 

-1G3" 

C’F, 

-ISO" 

CH, 

-183 

CF3(3l3 

-107“ 

CVFa 

-UK)" 

C-IIo 

-172 

C3'’;,C2ll5 

-14S" 

f'aFs 

-183" 

Qills 

-187' 



C 4 F 1 ,, 

-81" 

C,II,o 

— 135 


Among fully halogcmatcMl com[)ounds, tlu' accumulation of the fluo- 
rine atoms at tlie ends of the molecule always causes the melting point 
to be high(‘r than that- of isomers with fluorine atoms spread over the 
several carbon atoms of the mok^cule, or accumulated in its middle. 
This (effect, is incnaised wh('n the fluorine atoms beconu' mon^ numerous, 
l^mpirical rulers bast'd on analogic's arc easily derived, but satisfactory 
reasons hav('. not yet hev.n advanc('d. 

McBec, llonne, Hass, and Llmore, J. Am. Chvrn. Soc.^ 62, 3340 (1940). 

Wu\st, and Haerkl, unpul^lishcd results. 
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TABLE VII 


FnEEZINO PoiNTa 


Difluoridcs 

Tri fluorides 

Totnifluorides 

CCl.qCCloCClFs 

+50^^ 

CCl:iCCl2CFa 

+ 109° 

CCl2l+X)loCF3 

+41° 

CCI 2 FCCI 2 CCI 2 F 

+30'^ 

CCI 2 FCCI 2 CCIF 2 

-5° 

CC1F2CC12C)C1F2 

1 

to 

0 

CClaCFsCCla 

-5° 

Ca,CCIFCX3h^2 

()Cl2FCF>CCla 

-S9° 

(fCloFCOll-'CClEa 

cci2Fc:F.!CCi2r 

-5S° 

-9G° 



CHEMICAL PROPERTIES 

Classification. In order satisfactorily to account for the chemical', 
behavior of organic fluorides, it is convenic'nf to divide tluan sharply 
into two classc's, nionofluoridc's and j)o]yfhiorides. Monofluoridt's are 
characterized by their instability and tlu'ir tendency to lose hydrogcai 
fluoride, which automatically genc'rates an unsaturated residue and 
th('refore. gives ris(‘ to ohdins, poIynxTS, or condensation products. By 
contrast, polyfluorides an? oxceediTigly stalde and often physiologically 
inert; chemically, they are indiffc'rent or sluggish and resist, oxidation 
particularly well. These proper! i('s are so marked that they placH' the 
polyfluorides in a class by tlaanselves. For instance, the physiological 
inertne.ss of CT^LFo has b('en illustratc'd by k('e|)ing animals for weeks in 
an artificial atmo.s])hcr(' of 20 per cent oxygen, 10 i)er cent nitrogen, and 
40 per cent CCI 2 F 2 without any visible effect. The rc'sistance t,o oxida- 
tion can be illustrated by pas.siiig (!F;{('1I;{ through fuming nitric? acid at 
150° and recovc'ring the tiifluoridc' quantitatively.^ 

It should be emphasized that a polyfluoiide is stable only whcai the 
various fluorine atoms (or at least halogen atcjins) ai-c? grouped togethca-. 
In this respect CH3CIIF2 is a typical polyfluoridc? and is stable?, while? 
CH 2 FCH 2 F is be'tter regarde?d as a double monofluoriele and is the're'fore 
particularly likely to lose hydiogeai fluoride-. =*** In CX_-lF 2 CCl 2 F both 
groups are imlyfluoride-s ; it is pexssible, howeve-r, to establish a gradat ion 
and show that the ine?rtness of tlie C(' 1 F 2 group is more- pronoune-e-d than 
that of the CCI 2 F grou]). P'or instan(?e, a tre-atmeut with aluminum 
chloride yi(?lds CCI3CCIF2 in fair yields, before? it produces CXlyC'Cla.®’ ™ 
Monofluorides. The instability of the- monofluorides, which compli- 
cates their preparation, can, however, be turned to advantage in syn- 

Hcnne and Orchin, unpublished results. 

Henne and Newman, J. Am. Chem. Soc.^ 60, 1G97 (1938). 

70 Miller, ibid., 62, 993 (1940). 
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thetic reactions. A primary monofluorido tends to decompose into an 
olefin and hydrogen fluoride, but since the reaction can be reversed and 
the recombination occurs in accordance with the rule of IVIarkownikoff, 
this property leads to isomerization. 

RCII2CH2F KCH=CIl2 + HF RCllFCIls 

Normal fluoridt! Isofluorido 

A secondary fluoride loses hydropieii fluoride more' rc'adily, and a tertiary 
fluoride ev(‘n more so, but r(‘coiiibinatiou does not li'ad to isomerization. 
Cyclohexyl fluoride bcdiaA^'s as a tyjiical s(M*ondary fluoride. Fluoro- 
stearic acid, (IlI;i(C'Il2)GCnF(CIJ2)9C02H, and difluorosUwic acid, 
CH2(CH2)QC>HFCHF(("H2)sC()2n, hav(‘, ho\v(‘ver, becai reprcNsenttHl as 
stabler compounds. Jsonuaization by double-bond disi)lac(‘inent has also 
be('n obs(‘rved; this is brought, about by tlu' same mechanism of sue- 
C(issive additions and eliminations: 

RCll2Cn2Cli2F RClbjCIl^CHo RCHsCHFClI, 

RCIl=ClI(Ml 3 RCdIFCn 2 CH 3 

When hydi’Ogen fluoride cannot be eliniinatiHl from two adjac(mt 
carbons, it is ('liniinaic'd liy taking one fluorine^ from on(‘ mol(H*ul(', and 
oni' hydrogen from another. This leads to condensation; for exam- 
pic: 

II II II 

¥ -C- ' II + F II + V - - II (— )„ + IIF 

ColU Cf,IU CclU 

The sam(’ elimination may take place betwec'ii molecuk'S of different 
compounds, and it also hauls to condmisation. 

t^ViIIfi + C.HsF — > C'6ll6C2lTr) + HF 
Cello + CIljC'OF CelUCOCIIa + IIF 

The ('quivalent of a I'Vh'del-Crafts condensation is therefore obtained, in 
th(^ absence' of aluminum chloride. 

fine may carry this a step further by forming a monofluorkh^ as an 
intermediate only. 

Celle + CH2-CII2 + IIF (Celle + (TI3CII2F) CeTIeC^He + HF 
Celle + CII3CH2OII + HF 

(CeHe + CII3CH2F + H2O) CelleCzIlB + HF + II2O 
Heiine and Leicester, ibid., 60 , 8G4 (1938). 
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This mechanism, though not generally accepted, seems particularly well 
supported by the fact that, in the presence of hydrog('n fluoride, benzene 
and propylene give isopropylbenzene, whiles benzene and cyclopropane 
give normal propylbenzc'ne. It is essential that the experimental condi- 
tions be controlled to prevent isomc'rization of the internu'diate fluoride, 
because, otherwise, this isomerization leads to an incorrect interpreta- 
tion of the reaction mechanism. Additional supporting evidence is the 
prc'paration of benzoyl) )enzoic acid l)y interaction of benzoyl chloride and 
antimony fluoride.^- In this reaction, all the intermediate products have 
actually been isolated, 

:^C\UuCOC\ + ShFa = aCelUC'OF + SbCU 
CdhCOV + CVdlbCOCl = C^hhCOCdUCOCl + HF 
CdhCOF + C.n^COCl - C6ll5C(X\ll4CT)F + IlCl 
+ H2O - C6H5COC6II4CO2H + HX 

Several cy(‘Iizations have been descri!x*d, which were brought about 
by hydrogtai fluorid(\^^’ The hy])othesis is hen' advanc'ed that 

the mechanism of llu^ r('a(*tions is not a nu'n' d(‘hydration but consists in 
forming an int-('rmediate acyl fluoride, which reacts with the' ring com- 
pound in typical Fric'del-Crafts fashion. 

Cyclization of y-Arylhiityric Ackh or ^-AryJ propionic AcicU, 


(H2 (Hh 



72 Voznesen^kii, J. Grn. Chem, (V.S.SJi.), 9, 214S (Ujaa). 

7“^ CalroU, Tinker, and Weininayr, J. Am. Ghvvi. 61, \)4\) (19^9). 

7^ Fieser and Hershber^^, ihifi., 61, 1272 (1939;. 

7^ Fieser and Johnson, ibid., 61, 1047 (1939). 

7® Fieser and Cason, ibid., 61, 1740 (1939). See also Fieser and Cates, ihul.^ 62, 233A 
(1940). 
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When a saturated acid is usi'd, i1 links to the I - insti'ad of the 3-{>osition, 
and the reaction stojis whi'U thi' open-cliain ketone is olitaini'd. 

Directional Cijclization. The cyclization of 7 -( 2 -ph('nantliryl) bu- 
tyric acid, gives a bi'nzanthraceni' derivative vihen it is brought, about by 
hydrogen fluoride, while it gives a chrysene di'rivativc when it is caused 
by zinc chloride. 



Polyfluorides. The physiological inertness of the poly fluorides has 
b('en illustrated already by dichlorodifluoroinethane, C(''l 2 F 2 . Before 
being plac(>d on the market as refrigi'ration agents of.hi'r chloroflu- 
orides hav^e been thoroughly investigated to establish their lack of toxic- 
ity.”’ ® Mi'thyli'iie fluoi’ido can be administered in large' doses 

’’’’ “Tests to Show Toxic Irritant and Fire Cliarai-tcristies of (lertain Well-known RcfriK- 
3 raTits,” Kiiiotic ('herniual.s, Iiu*., Wihiiiiif^ton, Delawan*. 

Nuckols, National Board of Fire Underwriters. Aliseel. Hazard No. 2375 (1933) 

Ibid., No. 2030 (1935). 

Ibid., No. 2250 (1931). 

United States Bureau of Mines U. I. 3013. 

Brenner, J, Pharmacol., 69 , 2 (1937). 
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without ill effect allhough it is not so thoroughly inert as CCI2F2. Fluo- 
roforin is completely iiu'rt and has no soporific effect, in complete contrast 
to chloroform.®* 

The chemical imutness of the polyfluorid(« is illustrated by the com- 
plete failure to hydrolyze any halogcm atom in CCI2F2 and by the fact 
that this fluoride can b(! passed through molten sodium without causing 
the metal to tarnish; the inertiuiss of the two fluorine atoms is thus 
shared by the chlorine atoms linked to th<i same carbon atom. The sta- 
bilizing effect of the fluorine ('xtends to halogens linkt'd to a carbon atom 
once removed; for instance, ethyl iodide is easily hydrolyzed, w'hiki a 
treatment with water and mercuric oxide, in a sealed tube at, 140°, for 
one week, is needed to convert, CHF2CH2I t.o difluorof'thanol.*^ Another 
illustration is the total indifference* of the chlorines atoms in CClsCF.-j to 
any treatment involving silver salts or oxides.*® The resistam^e; to oxida- \ 
tion is apparent in a comparison of tohu'ne and trihuorot oluene; (chromic 
oxide acts rajndly on toluene t,o oxidize the side chain and yk-ld benzoier 
acid, and it leaves the. aromatic nuck'us intact. Conversely, trifiuen-otol- 
uene, CoHsCFa, resists oxidation much Ix'tter, but long heating wit,h 
chromic oxide breaks the ring, to give trifiuore)acetie; aciei in GO per e*,cnt 
yield.®* 

The rc'sistance to oxidatieen is api>ai'ent e*ven in okifinic derivative's. 
For exami)le, CH2— ('F2 can be mixeel with oxygen iei a glass eontainer 
and exposed to sunlight fe)r wee'ks. After eamiple'tion of the exjeenime'nt 
it c'an be recovered eiuantitative'ly anel the glass is not eve'ii e'te-hed.®'* 
By contrast CH2=CCl2 is se) unstable that it. can hai*dly be prejeaird; it 
polymerizes and oxidize's readily. Interme'eliate* pre)pe*rties are e^xhibite'd 
by CH2=CC1F. Ozone causes a eonveasion to acyl halides; 


CKr2=CnF — > CIIbrFCOBr 
CBrF=CBrF — 'S CBrzFCOF ®* 

Polyfluoride groups have a marke'el dire'cting influene*.e. In sharp eon- 
trast with CH3, a CF3 side chain is a pe)werful agent te) direed substitution 
into the mela position.®’ A single fiuoi'ine atom in the ring, howeve'r, 
directs a substitueait to the; ortho and para positions, and favors para over 
ortho replacement. 

The chlorination of CH3CF2CH3 is a well-de'fined, stepwise^ reactiem, 

MidRley and Heune, Ind. Eruj. Chem., 22 , 542 (1930). 

Swarts, n»lL daxsc sci. Acad. ray. Bela., [4] 3 , :{S3 (1901) ; [4] 4 , 731 (1902). 

“Swarls, ddd; [5] 8, 343 (1922). 

8“ Swarts, ibid., [3] 36 , 532 (1898). 

8’ Swarts, ibid., [5] 6 , 3S9 (1920). 
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whoso successive steps are CH3CF2CHo(n, ClhCFoCKCU, CUA 
CHoClCF^2CCl3, CHC12C;F2C.C1 :j, and CChVV.CCl^ At no st-a^e is 
th(TC any indication of the pivsence of the ollu'r !)ossil)le isomer, whi(*h is 
in complete contrast with the chlorination of propane', a completely ran- 
dom reaction.^ Similarly, the chlorination of Cd^';^(_Tl2CIIa yields 
successivc'ly CFsCHoClTsC^l CF3CII2CIICI2 “> CF3CII2CIICI2 
CF^^CAhCCh, CFsClKllCd^, and 

Another effect is that of in(*r(\asin^ tlu' acid pro])(Tties of an adjacent 
hydroxyl ^rou{). Trifluoroacetic acid is a very strong acid, (‘onsidei-ably 
stron^(T than tiachloroac(‘ti(^ acid. Similai*ly trifluoi*o('thanol and tri- 
fiuoroisopropyl alcoliol show acid pro|)('i‘ti('S similar to thosc^ of a phearol, 
and l)oth decompose caiLoiiates aiul bicarbonat(\s to make a metallic, 
alcoholate. Although it is (piite^ acid ditiuoroethanol acts only s])aringly 
on a cnrlronate.^^’ 

In gcMKTal, polyfliuri'ide groups ai*e indifferent to merst^ re'age'uts, and 
al)out the', only ce.)miK>unds ca])able' e)f withelrawing the' fluerrine atoms 
from the' organic mol(‘(*ule are derivathes of aiuminum. This is illus- 
ti'ate'el by the ])ossibility of e-on verting trillue)rote)lu('ne to t-i'ie'hlerot.erliu'ne 
by inerins erf aluminum eFleride,^^ Mere evidence' erf the' stability of 
the CF3 giou]) appe'ai's in y.>ar’tienilai‘ly drastic ivactioiis. Fen* instaneo, 
the' passage erf through the' ede'ctric aro give's rrser to CCll'3 anel 

CbFfi, while CFt give's merstly C^Fo, toge'ther with Anotlu'r 

])artie*iila.i‘ly striking i-e'ae*tion is the piojrar’atiern erf (bFo by ('leedrerlysis of 
triHue)r(rae*e'ti(‘ acid.^- 

In eri’ele'r ter satisfy himse'lf that, the pi'e)pe‘riie's re'perrte'el ferr fhieri’erferm 
were cerrre'ct, Swarts untie'r’terok, shortly Irelerro his eU'atli, anel sue'ce'ss- 
fully e'ermpk't e.'d the' ferllowing se'rh's erf i*e'ae*tierns. He^ thei’e'by iltust r'ate'ei 
the stability of the CF3 gi‘erui>.^'” 

07^; 100%' eur^’T. 

— -> 7//-CT:,(V,II,N0.. W-CF3CVJI4NII2 -(Vc,r^ 


ioo<'; 


so^-, 


flK'T, 


CIFsCOzH CFsCIOOC^sIU > CF3COCH2COOC2H6 


Na( »C2nr, 


CFsCOCHs - - > IK^Fs 

ieiise 

Swarts, BuU. .soc. chini. Bdg., 38, 99 (1929). 

Swarts, ihiiL, 43, 471 (19;M). 

KufT and Brotschneider, Z. anorg. allgnu. ("hew,, 210, 173 (1932). 
Tliornton, Burg, and S(’hU*siiigor, ./ . ..4m. ("hew. Sac,, 55, 3177 (1933). 
Swarts, Ihdl. clause aci. Acad. roy. Belg., [5] 17, 27 (1931). 

»*^Swarts, ihid., 15| 12, (>79 (I92e>). 

84 Swarts, dnd„ [5] 13, 175 (1927); and pri\ate communication. 
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Relation to Atomic Distances. No single physical property can ex- 
plain all the chemical eff(H*t,s. However, a (consideration of the atomic 
distances in organic fluorides h'ads to a remarkable parallelism. 

In the methane sericcs, the atomic distances of all the possible chlo- 
rides, fluorides, and chlorofluorid(\s have bc'en nucasured by means of 
electron diffractions, with the following rccsults.^^ 


TABLE VHI 
Atomic Distances 
(In ariosi rom units) 



C-F 

C— Cl 


C— F 

C— Cl 

ecu 


1.76 

CITCU 


1.77 

CC1,F 

1 40 

1.76 

CTTCUF 

1 .11 

1 73 

CCUFo 

1 35 

1.70 

CHCIF 2 

1 36 

1.73 

CCIF 3 

CF 4 

1 35 

1 3G 

1.70 

C 11 F 3 

1 35 


CH 2 CI 2 


1.77 

i rn.,c:i . ... 


1.77 

CH 2 CIF 

1.40 

1 76 

i ('.n.,F 

1 42 

.... 

C 112 F 2 

1 .3G 


1 






In every series it appc'ars tliat, wath the (‘ntranc(‘ of the second fluorine 
into the molecuk^s, the carbon-to-fluorine distance is appreciably short- 
ened and, moreover, th(' carbon-to-chloriin^ distance' is also d('creased. 
This creat(‘s a more compact molecule, from which it is considerably 
more difficult to extract or substhute any constituent part. Although 
this parallelism is not j)r(‘S('nt(‘d as the explanation, it is offered as an 
important element of it. 

PRACTICAL APPLICATIONS 

At the time of writing, only polyhalides have been put to wide com- 
mercial applications, of which their use as ivfrigerating agents is by far 
the most important. Tlu'ir phyvsiologic^al inert n(*vss is particularly valu- 
able in th(' air-conditioning fu'ld, wIk'H' h'akage of the rc'frigerant into 
the atmosphere might cause accidemts if th(' c;ompounds w^re toxic, or 
might create panics in large audienc(\s if the compounds had a pungent 
odor, even if the amounts accid(int,ally rc'leased were too small to create 
a real hazard. The fact that the polyfluoridexs used are chemically stable 
and are not combustible increases their safety factor. 

Brockway, J. Phys. Chem., 41, 185 (1937), and sequence. 
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Another use which is gniuiii^; pirouml is iu dyes which ])ear a poly- 
fluorinated group soinewhen^ in th(' inoh^cule, l)('caus(‘ the presence of 
the fluorine incn^ases the resistance to oxidation and henc(' prevcnits 
fading. The widc'st prescail a])pli(*ation seems to \n) the ]‘ed dye of the 
official German flag.-‘^‘* It bcxars a group on a naphthyl radical. 

The practical use of monofhiorid(*s, (dther as sucli oi* as intermediates, 
is a more recent di^velopinent, whi(‘li is just now uncU'rgoing s('mi--scal(' 
factory investigation. Then* seem to 1)(‘ two main applications, ])etro“ 
hnim refining and hydrocarbon syntliesis. 

In p(‘troleum rc^fining, the scluaiK^ is to add a small amount of hydro- 
gen fluoride, which (*aus(^s tlu^ highly unsat uratcHl gum-forming hydro- 
carbons to polym(M‘iz(‘ or to condense will) more saturat(‘d ones.-^*^ 
i\Ionofluorid(‘S ar(‘ ])resumably the int(a*m(‘diate agcaits; at any rat(‘, 
tlu' n'sinous mal('rial seltU's rapidly and caii Ih^ d(‘(‘anl(Ml sooiua' and 
mor(‘ ('asily than in tlie customary sulfuric acid rttining. 

In hydrocarbon synth(‘sis, the scluaue consists in causing tlu' (‘(|uiva- 
l(ait of a. Fri(Hl('l-(h\‘ifts cond(‘nsatiom (atlua- l>(‘tw(H‘n tin ali})hatic and an 
aromali(‘- d('rivativ(', or Ix'twecai two alipiia.ti(‘ compounds. l.)('ta/ils 
of (‘X])erimental cojiditions and r(‘sulls are jealously guardtal by the 
industry. 

Tli(‘ successful commc‘r(‘ialization of fluoihh's is due to two important 
industrial dt'velo])m(Mits, a continuous nudhod of manufacturing anhy- 
drous hydrog(‘n fluorid(‘ (economically and a continuous nut hod of intro- 
ducing fluorin(‘ into organi(* mol(‘cul(‘s; both luv w(‘ll surrounded by 
j)atents; tlu* fiaitures of th(‘ S( cond nudhod ar(' substantially as iollows; 

1. AVluai antimony fiiioinh' is uscmI to introdu(*(e fluoi’iiu* into an 
organic chloride', it is transformed into antimony (*hlorid('; antimony 
chlorid(' ('an be act('d ut)on by hydrogxai fluorid(‘, to n'generate antimony 
fluoride and give hydrogeai (diioride as a by-produ(‘t 

2. Advantage can (‘asily Ix' tak('n of tlu' tact that ea(*h fluoiaiu' sub- 
stitution lowc'i’S llu' boiling point by sonu' to 50°. If th(' operation 
is (‘arri('d out in a- ix'action v(‘ss(d (‘(piipp('d with a dephlc'gniator, the 
more volatile' fluoride' can Ix' allow('d to elistil oft as iorme'd, while', the' 
chloride's will I’e'flux bae'k into the* i*('action chmuln'r, findln'r to be* sub- 
je'ctexl to the sourex' of fluorine. 

rh(' combination of the'se' twe) ])i‘inciple's is illustrate'd in the manu- 
facture' e)f (\%V 2 . A ivactiou ve'ssel, fitte'd with a eh'phle'gmator, is sup- 
plie'd with a ejuantity e)f autimemy salt. Hydrogen fluewide', and carbe)n 

Schc'K'r, Angur. 52, A^u (laaiM. 

fChiirascIi, U. S. 2 , 07 e>, 5 Sl fe'.U., 31, *tie)4 (HH7)]. 

Daudt and 'S'oiikor, U, S. i>at. 2 , 00/), 705 fe'.U., 29, 512.1 (1935)]. 

Mitljrley, HtMiric, and McNary, U. S. pat. 2,007,208 [C.A., 29. 54.59 (1935)]. 
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teiracifilorido are continuously fed into it. The reaction generates 
C(M3F, C(^l2F2; IICI, and, if the deplileginator is properly adjusted, 
substantial se])arati<ni of the (X'FFs and HCl from the CCI4 and CCI3F 
is acc^oniplished. The H(U is removed from 1 he discharge of tht^ dephleg- 
mator by passage through water, and aftc^r a relatively simple fractional 
distillation iiure CCI 2 F 2 is obtained. 

ANALYSIS 

In general, fluorides are diffiemlt to analyze correctly, c'xc.ejit in closer! 
systems. The reason is that the unstable fluoridc^s may lose^ hydrofluoric 
acid too easily, while the' stable fluoride^^ may escapes Ihc^ field of reaction 
before they ai’(^ acted u]ion. 

Gaseous compounds can In' aualyzenl by ])assag(^ ovea* real-hot sil^^ 
ic.ji 100 , 10 This tTentme.'Tit deconipe)se\s the oj'gaiiie* e‘e)m])ounds t.e) make 
silie*on tetraflueiriele', which cam be' abse)rbtal in an alkaline solution, in 
whieih the fluorine ion can be titrateal. Liejuiels or v^eilids can be', elecom- 
pe)seel with sodium jie'reixiele in a Parr Beimb or wiih calcium eixiele in a 
tiglitly eioseai steed tulie breaight te) re'd heat.'^'^’ Other methods are 
generally cumbe'rsome and inaceairate. 
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INTRODUCTION 

Fornuilas of the niolcRuilos of organic compounds which show tlio 
arrangement of their constituent atoms art* (tailed structural formulas. 
The methods usc'd in the d(‘t(‘rmination of these structural formulas are 
bast'd upon ctTtain well-kntnvn j)rinciples. Often in the ajiplication of 
thest' fundamental concepts it- is nect'ssary to carry out chtunical rc'actions 
which involve addilion, substitution, and Hit'- elimination of simple 
molecules such as nitrogen and water. In such organic reactions it 
seldom happens that quantitative yit'lds of tlu^ dt'sirt'd jiroducts are 
obtained. Side reactions occur, and in many instances the compounds 
so produced are the main products of the n'action. Two illustrations 
may be given to show to what extimt this may take place: (a) the prepa- 
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ration of tertiary l^aityl conijxmnds from i.sobiityl alcohol and its d('- 
rivatives; (b) the action of nitrous acid on neopentylamino which pro- 
duces none of the corresponding alcohol but yic^lds dimethylethylcarbi- 
nol. Th(^ compounds produced by such ‘‘side reactions^’ are g('nerally 
the result of rearrangements of the molecule's e)r e)f their fragments during 
the reaction proce'ss. TluTcfore', it is e)f givat importance' in all {duise's 
e)f organic rese'arch to have' a kne)wle'elge of the'se re'arrange'inent proe'- 
esses, te) study the various mee^hanisms which have bi'e'n propose'd to 
accemnt for the'se ediange's in orde'r that onc' may be', able to forese'e whe'ii 
rearrangerae'nts are', to be e'xpeede'd, and to kne)vv with ce'rtainty wlu'n 
tliey have', taken plae*.e. Failure te) elo this has eiause'el the best e)f investi- 
gate)rs to make iinfe)rtunate mistake's. 

In e)reler to e)utline^ de'finite'ly the sce)pe e)f this e!iscussie)n, and fe)r 
})ur])OvSe's e)f gre'ator clarity in what is te) be' wait te'u late'r, it is te) 1)0 uneh'r- 
ste)oel that, in this ediapte'r the te'rrn “re'arrange'me'nf re'fers to an irre'- 
ve'rsible' re'actie)n w'hich j)r()due‘e‘s a change in the structural arrange'- 
me'iit. e)f tlie me)le'enle wnth e)r without the eliminatie)n e)f simple' me)le'- 
e'uk's sue*h as W'ate*r e)r a hyelroge'u haliek', and wdiie'h may or Tuay ne)t 
be' unime)le'calar in its nature. There'fore', subje'cts such as mutare)ta- 
tion, race'mizatie)!!, Walde'ii inve‘rsie)n, anel taute)me'rism will be omitte'el. 
The*y are esvse'utially re'versible pre)cesse's. 

With this de'fmition in mind it is re'aelily se'e'ii that transfe)rmat ieais 
e)f this kind are^ very common in organic ehc'mistiy; in fae*.!., tlu'y have^ 
bc'en ejbserve'd eve'r sine*e' Wohle'r publishe'el his synthesis of ure'a by a 
mole'cular re'arrange'UK'nt of anime)nium evanate'. ( 'onsexpie'ntly, it. wall 
be' impejssible in the' se'ojie* of this cha])te‘r to e'lumu'rate anel te) discuss 
all e'lasse's e)f compounds wdiieh unde'rge) a change' in the atomie* arrange'- 
iiH'nt of the'ir moleeaile's eluring varie)us re'action ])re)e*.('sses. Jn this ])ar- 
tie'ular study e)f the' subjee-.t a diffe're'iit a])proach is necessary. 

A e'.are'ful e'xamination of tlie' many hyi)e)the‘se‘s and the'e)ries whie*.h 
have be'e'ii enunciate'ei to ewplain the me'edianisms e)f varie)us rearrange- 
ment pre)cesse's show^s that me)st of these e'xplanatieins e^an bt' classified 
into two greiups: (1) Theise e)lele'r inte'rpre'tatie)ns which assume in e)no 
form or anothe'r the feirmation e)f inte'rmediate compe)unds during the 
reae'tion. In the'se explanatie)ns the inte'rme'eliate' com})e_)unds wdiiedi are 
assumed to be^ fe)r]ne‘el vary wiele'ly. In se)me case's they take', the fe)rm e)f 
rings siH'h as (*yadopropane anel e'thylene oxiele'. In othe'rs e)le'finic ce)m- 
pounds are assume'el te) be the first proelue-hs e)f the react iein, anel in still 
othe'rs inve'stigators have assunu'd the inte'rmediate' formation of biva- 
Ic'.nt e‘.arbon compeiunds, et c. (2) The)se me)re' recent points of vie'w wdiich 
would explain all re'arrangeme'nts e)n a ce)mme)n basis of free radic^als, or 
of ieins, or of an ele'e^^tronic mechanism wdiich deie'S not invejhx' the fe)r- 
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mation of any intermediate compounds during the rearrangement. It 
is now the purpose to discuss these' more modern points of view and 
where possible fe)r the purpose of illustration to apply them to various 
classes of compounds which have be-e'n founel to unek'rge) rearrange'inent. 
For a discussion of the e)lde'r interpretations the reader is referred to 
Chapter 8 of the first edition of this treatise. 


THE CONCEPT OF THE FORMATION OF FREE RADICALS AND OF IONS 
AS INTERMEDIATES IN MOLECULAR REARRANGEMENTS 


In 1859Fittigi publi-'^hed the re'.sultsof a se'iies eef experiments which 
he had made in a study of the reducing action of sodium on acetone, 
The compound pinacol was obtainetl. In th(' following y{'ar he pub- 
lished a paper which showed that if this .substance be heated with sul-\ 
furic acid a ketone, pinacolone, is produced. 


(CH,i)2C— (J(CH3)2 

I 1 

OH OH 


Heat 


H2SO4 ^ 


(CTH),(;— C-CH3 


Numerous examples of this reaction, now known as the pinacol rear- 
rangement, liavt‘ been found since th(' time of Fit, tig’s discovt'ry, for 
not only has the mt'chanism of the proct'ss involv(‘d in the rearrangement 
been tlie subject of much discussion, but also it has beem recogniz(‘d 
that in this reaction tlu'rc' is a method for comparing th(^ migrat.ional 
tendency of different groups, and thereby getting data which will throw 
light on the problem of affinity distrilnition in molecules. It is therefore 
fc'asible to cite a few typical illustrations to show the extent to which 
this rearrangement has been studk'd. 


Pinacols of the type Jh 


^'■c — c 


K3 have been prepared in which 
Hi 


on Oil 


Ri, R2, R3, and R4 are alii)hatic or aromatic groups. Symmetrical 
pinacols of the aromatic scahis have becai obtained by Gomberg and 
Bachmann - by a riudhod which in\'olv(\s th(i use of a mixt.un', of mag- 
nesium and magiu'sium iodidc' to reduce^ th(^ ketone. Unsymm('tri(‘al 
pinacols of necessity have to b(» i)r(‘])ar('d by oUkt nudhods. J^lxtcaisive 
studies have been made on the rearrangements of these compounds in 
order to determine the nature of the ketones which are formed. Many 

1 Filti#?, Ann,, 110, 23 (1859) ; 114, 50 (1800^ 

^Gomberg and Bachmann, J. Am. ('hem. Soc., 49, 236 (1927). 
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investigators ^ have tried to formulate rulers Avlii(*h eau be used to predict 
with some degree of certainty the course of the re-arrangement, wIumi 
the four groups are different. Most of these atternpfs have failed, for 
the ease with which diffe-n-nt grou])s migrate within the- moleenle^ is not 
wholly a property of the group itself, l)ul is d('i)endent, to a Aarying 
extent on the- rnole-cule- as a whole. In the symme-trie‘al ]>inae‘e)ls of the 
areanatic serie-s the differe-nces in “migration aptituele'’ e)f the gre)ups 
ai'o more constant. Ihichmann anel Moser have made an extensive^ 
study of the rearrangement produe*t,s of certain ])inace)ls of this type. 
The-ir 7*e\sults are of sp(-e*ial int^e-re-st, anel a summary takeai fre)in thenr 
pape-r is liste-d be-low. A de-eluctieH) of the relative “migratie)n aptituele-’’ 
from the- values thus obtaine-d has e-nalde-d the-se- invest igate)rs to i)re-- 
dict with a gex)el degre;e e)f aceairaey the‘ yiedels of tlie ke-tones which e)tlu-r 
symme-trie*al aromatic pinaeols shemld give. Thus, tliey predied, e‘el that 
the i)inae*X)l 


p-br(^cll 


yxCJUCJI 



V,lhC,lWp 


Oil Oil 


upon rearrangement woulel yie-ld a mixture of keleau's she^wing 6 per cent 
migration e)f the p-l)re)me)[)he-nyl gremp and 9-1 pea- cent niigratie)n of 
the biphe-nylyl gi-oup. In an a.ctual e‘X})erinient it was found that the 
n-arrangeme-nt toe)k plaee with 41) i)e.a' ce-nt migration of the yxbrome)- 
pheaiyl group anel 95.5 ])er e.*e-nt migration of the biphenylyl group. Suedi 
re-sults inelicate that in tlie-, symme-trie*al pinaeols the- migration aptitude 
is de-penele-nt to a large- e-xte-nt on the- ])artienlar group, and ne)t on the 
mole-eaile- as a whe)le-. Studies ])y othe-r inve-stigators ^ have led to a 
similar conclusion, anel lists liave- ])ee*n maele which arrange the grout)S 
in order of decre-asing migratie)n aptitude*. One such list ^ goes as follows: 

7 Miiiisyl > yxteiyl, /xbi])lie'iiylyl, a-naplithyl > 

7>dsoi)ro])y]])li(3nyl > /M-tiiyli)lK3iiyl, 7 >-tlue)r(>phciiyl > idienyl, 

. , , , ^ f 7;-l7r()me)])heaiyk 'p-chloroidie-iiyl > o- or wHcliloro- or 

ZWodopUcnyl > | 

How(^v(^r, it sliould be; that as yet no rigid inilo can l)e formulated 

to predict the extent of the migration of the groujw when the i)inacol is 
unsyinmetrical. 13ven in the symmetrical pinaeols other factors play 

^ See An?}. Re pis. (hem. Pxw. (London), 27, 314 (1930), for a review of this subject and 
for u coinpilatioiL of lefenuices. 

^ Bachiuatiii and Moser, J. Am. (hem. Soc., 54, 1124 (1932). 

^ Ann. liepts. ('hem. JSoc. (London), 27, IIS (1930). 
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Migration of Croufs 


Pinattf)! 

Group 


Piiiaeol 

Group 

Migra- 

tion 

yj-CITg — ClftlUx 

Nr'— 


p-Tolyl 

91 




/>- \insyl 

9S () 

fV,n/ 1 





0,1 IV 1 





2 

PJit'iiyl 

() 



- 

Phetiyl 

1 *1 

r P-Clh—CAU\ 1 

j^-CAh—CuW/ 1 


/>-TuIyI 

57 


-/)-eUj— o --(viii. 

he— 


'B'Auisyl 

99 7 


/f-lii- 



-Oil/ 1 




L 

2 

ph('ii> 1> I 

45 


Oil - 


/;~Polyl 

5 5 

- rti-CIIo— CfJUx 

CAi/ 1 


w/-Tolyl 

iUi 


rp-CH (’nil p 


7 >-AiiiHyl 

99 S 






p-Jit- 



2 

Phenyl 

:u 


Oil _ 

- 

l)heuylyl 

5 2 

r 7//-cir3-c:f.n.i\ n 


?n-To1.\ 1 

15 


-p-f’Tls (VIIo. 


p-Tolyl 

S2 






/(’— 




p-Cnlh-CAl/ 1 





/M’l ! j 


/I-CIllot o- 


1>11 

2 

vl 

s7 


on 

2 

plieny 1 

V 


an important rolo in the roarranscmont of llu' firouji.s. For instance, 
Bachmann and Sti'nihcrgcr have shown that when the bijihenylenc 
grouj) is jiresent tlu' order and the extent of migiration are n'ViM'sed to 
those in the above f-alde, and when unsymmetrieal jiinaeols an* studii'd 
tlu* ri'sults ~ show no simiih* relationshijis. 'riu'refore, it is evidiait that 
more data aic neci'ssary befon* all factors which govern tlu' extent of 
th(*se (‘hangi's are known. 

The ])inaeol rearrangement, also lakes jilaei* in other classes of glycols. 
Compounds of the type 


R. 

R' 


yOTI 
>C^— CJI 2 OH 


^OTT ^OH 

and R— ClI CH— CdR 


have boon prepared. ddic'se molecuk's undei’go rearrangement 
under varying conditions. For examjik*, 2-methylj)ropanedio]-l,2,** 
^()H 

(ClOoC— CII 2 OH, gives isobiityric aldehyde, — CHO, wdien 

heated with water at ISO 200° in a sealed tube. When liydrobenzoin,® 

® Bachmann and St(*rnbor^ci , J. Am. Chnri. Sor., fc5, 3821 (1933). 

^ Bachmann and StcrnhorKcr, ihid., 66, 170 (193^/ 

« Novolc, Jirr., 9 , 448 (1870). 

^ Breiicr and Zinckc, Ann., 198, 141 (1879). 
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^OH yOn 

CellftCU CIlCcn5, wanned with siili'iirie aeid, dipheiivlacelakh'- 

(Cf,lT5)2C'Tl — C=0, ivS ohtaiiK'd in good yiold. (^4)iupoiinds of tlu‘ 
li.X 


lypt! /C C=0 also K'vo i-eaiTan{>;einent products. J')a.iiilo\- 

H2/ 

has shown that, when an alc(iholic solution of henzilic aldehyde, 
yOH 

(C'cIltOsC — CUIO, is wanned with a small amount, (jf sulfuiie acid, 

"^011 .A) 

Ix.'iizoiu, Cr,H:,C C- -CLiTr., i'^ {)rodii(*('(L Si'ini-piiuicols uiidfM’go 
this typo of r(‘arraiigoin(Mil. Thus l-phonyl~2-])ro})ylp(‘ntaiu‘diol-l ,2, 
'.{My 

Cr,IlrXdI(OH)C()II, ill 11 k^ l)rosonr(' of cold su1furi(‘ atdd giv(\s 


^c,n 


7 


CM,. 

o-phenvloctanone-l, ^(!IK^ -(^Ih. if, however, hot dilute 

Cdlf' 

sulfuric acid is us(.‘d as the rearranging aseiil a semi-hvdrohenzoin 

/II 

chanf^e occurs, and plienvl(li-a-i)ropvla.cetal(lehyd(', (MI7- C---(), is 

C...I7/ 


formed. It should also be j)ointcd out that, this i)ina.col type' of re- 
arran}>;ement is not, necc'ssarily ct)nfined t.o st rai^lit-chain comi)ounds. 
In a study of tlu' condensation which takes ijla.c(' between ui'(‘a, or 
substituted ureas, and benzil Biltz’- has ])repared cyclic eomjKninds 
of tlu! following tj'pe and has found that they undc'igo rearrangc'iiu'iit in 


CfilJ;, 


HO- 


N- R 


IIU 


C- - 

I 

Celh 


/ 

/ 

N- 1 


>C^=0 


t.lui pres(>nco of sodium hydroxide. For example, 4 , 5 -diphenylglyoxa 
lone glycol gives diphenylhydanloin: 

"> D.inilov, «<■?•„ 60 . ( I'CTj. 

'I'ilTonpau aiul Lo^y. linll. .sac. chim., [-I] 33, Vati (1923). 

Uiltz, Her., 41 , 13S5 (llK)Kj. 
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CcHb 


HO C NH (C6ll5)2C NTT 

^ C==0 

HO C NH 0=C NIT 


C=0 


CeTTs 

4, 5-Dipheiiylplyoxalone Glycol Diphcnylliyduntoin 


Many other exaiiiples of this type of rearrangc^iiKiiit in eylie eom- 
pounds are known, but the underlying principles involved are essentially 
the same. 

These few typical illustrations of the pinaeol rearrangenuait liav(^ 
been given not only to show how very common conversions of this kind 
are in organic chemistry, and to what exbait Ihcy have been stiulical, 
but also to show how important it is that cinanists liav(' an undersiaiid- 
ing of the mechanism of thc' })roc('sses by means of wliich such n*arrang(‘- 
nuaits take place. Many reactions which a I first sight secan to 1)(‘ veay 
difhaxait are found in realit}" to be very similar in th(‘ir nalun^ and can 
be grouped togetluT and explained on th(‘ basis of a common m(*chanism. 

A survey of the literaUire shows that in th(' hypoth(‘S(\s wliich w(a'(‘ 
first put forward to explain rearraiigcancaits of this type' attcanpts W(a’(‘ 
made to avoid th(‘ assumption that- atoms and groujis within a mol(aail(‘ 
can undergo a dii'C'ct intca’change. Investigators in this fic^ld jn-eferrcal 
to assume that such reactions involve th(‘ formation of ndativedy stable 
inteniKHliate compounds. As vStated in tlie introduction th(‘S(^ com- 
pounds take th(‘ form of cyclic rings. For this particadar rearrange an (ad, 
cyclobutane and (dhylene oxid(^ intcaanediates w(a*(‘ assuiiKal. Forotlaa* 
types of nairrangements cyclopropam' d(aavativ(‘s and olchns w(aa‘ 
postulated. As further studFs w(Te mad(‘, how(‘V(T, on compounds 
which und(a’go these irrewca’silile ivactions involving a change* in the* 
structural arrangemient o^ the mole'cule*, facts weav found in abundance* 
which clearly showed the fallacy of this basie; ideal and the* elang(*rs in- 
volved in making such efforts. As a conseaiueaiea* of the limit(*d applica- 
bility of such conce'pts there has emerged the* fact that- ^‘st(*p by stnp'’ 
meehanisms of these types cannot be* use*d to formulate* changes which 
so oft(‘n take place within the* mole'cule* itself and which are intramolec- 
ular in th(*ir nature. Th('re*fore, it is not surprising to find that inve*sti- 
gators have adopted a diffcre*nt vi(*w and that as a result hypot-h(*s(*s of 
a different type have been formulated. 

Meerwein, A 7 in., 396 , 211 (1913). Sec alho, Porter, “Molecular Pea.rraiigciiient>,’ 
Cbeinical Catalog (V)., Now York (1928). 
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The thGorclical and GxporiiiK^nlal iiivosligations of Nef coiitTibiitod 
greatly to this change in ideas. It is now recognized that the chemistry 
of bivalent and trivah'nt carbon plays an important role in many fun- 
damental reactions of organic chemistry. Applications of these con- 
cepts have been made to the reaction m(*chanisnis involved in molecular 
rearrangements, and today it is found that many theories hav(' been 
advanced which in one form or another assunu' dissociation of a mok'- 
cuk' into fragments. 

Nef was the first to explain rearrangennents on this basis. Cyclopro- 
pane may serve as an exanij)le. It is to he recalk'd that when this com- 
pound is heated in contact with certain catalytic agents propylene is 
fornu'd. A dissociation into active' mok'cuk's containing free vidence'S 
is first assiuru'd to take' place'. In this a(*tive* state' migration of a hyeiro- 
ge'ii atom oe*curs, and pre)})yle'ne‘ is proeluce'd. Ne'f fe)nmilated the various 
ste'ps as follows: 



CHr -CHo 


Uoat oi cjiialvHl 

> 

<.h8h<KM:it ion 




Fuithor 

> 

diBHoriation 


— CTU— (’JI-('ll.. 


I i(‘at /iinfi:ninent 

> 




(’Hr-C'll=cn2 


J 1 


He advanced a siiniiar incclianisin <0 explain the r(‘arrang('inent of 
propyh'ne oxid<' into acetone and propionaldehyde. 


Clin— 


()-- O— 

i 1 

CII,t— Cll-nia ' CH3-(' -CHr- 

1 

H 


O- 


Cdln- C' -CII3 


CllaC— CHs 


(dis- (’II-CII2— O CHs-CH— CII— O 


H 


H 

CH;,- (dl2-CH— 0 CIH-Clla— C =0 


I’or coiiiiMlntioi) of rcfcreiu-es oonsiiK, Henrifh, “Thoories of Organic Chemistry,” 
translation by Johnson and llahn, John Wiley & Sons, New \ork ( 192 J), Chapter XIV 
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Since no detectable amount of vinyl methyl ether is formed in <ho re 
arrangement it was concluded that a dissociation involving a cleava|^( 
of the carbon-carbon bond did not take place. 

Nef also assumed predissociation in his mechanism for the benzilic 
acid reari-angcnu'nt.'® Although his particular formulation has had to 
be abandf)ned because of facts subsequently disco v'ered, Schrocter has 
proposed the following modification: 


CJl6C=0 

I 

C«THC.=0 


+ KOII -* CelliCv 


C 




X)H 

OK 

O 


(C6H0.C=-(X3 + KOOII (CeHti.C 


KOOII + CelK— C<;^ - (CeH<,)2C-=CO 
CelRCO 
OH 


-'COOK 


According to Ibis forniulalion diplu'nylkc't.eiu' is the inl.cnnediate prod- 
uct during tlie reaction. 

SchrcM'tor and \\ aclu'adoif found ('vidence for this nu'chanisni in 
the fact that th(*y succeed('d in j)reparing diplK'iiylkelc'ue from azibenzil 
in good yi(id. 


(-6II5— c/|! 



AVarTiJod 

> 

gently 


C— ('ells 



-b .\2 ► (t'6Tl6)2C==C=() + N 2 

/’ 

c— CfilU 


It is of interest to note that this concept lias been us(‘d to explain 
other types of molecular rearrangeinmits. Instance's an* known in the 
indole deriv'ative's, and in the fiyrazoles when* a methyl group transfi'rs 
its position from a carbon atom to another carbon atom during n'duction 
processes. Bruniu'r ■' has reportisl that l-ph{'nyl-:i,:{-diniethylo.xindole 
yields 1 -phenyl- 2 , 3-dimethjdindole when n'duction is carried out under 
suitable conditions. 



NCoHb 



-r-ciia 
C -CTI 3 + HaO 


NCcHb 


Again, Ivnorr has shown that l-phcnyl-3,4,4-lrini('t,hyl|iyrazolone 

“ Nef, Ann., 298 , 372 (1897) ; 335 , 272 (1904). 

Schroeter and Waeheiidorf, Brr., 42 , 2330, 2339, 3301 (1909). 

Bnmner, Moyialnh., 21 , 179 (1900). 
i^Knorr, Ber., 36, 1272 (1903). 
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on roductiim will, s.Klium and alcohol yi,.|ds l-|,l,™vl.3,4 4-|,i,„,.,hvKc^ 

„xypyra=a>I«no winch when tcahal with mine,,,! acids |„,xlmsss l-,.!,,.,,- 
yl-..},4 ,5-t,nmt‘thyl [ )yra7,()lo. 


(CH,)2C' 

0=C 


ceils 

II 


112 
> 


X 


\ / 

NC'ell 


5 


(ClIs)sC ceils 


11 


\ I 


li 


110 


>C N 
N(V,1U 


CllsC ceils 

il il + II2O 

CllsC IS 


\ / 

NCfilU 


Other r(‘actions arc' known and an' disciisKod hy him, and for them all 
Knorr has proj)osod the followiiify nu-ehanisni. 


11 

Hs K-C-011 

I sClh I yCMs 

Ri-CV K,~-C, 

^CHs H’n,, 


R-(' R (’-Oils 

I ' + H'/) i! + HoO 

I CTl-, 

Ri- C, 

Clk-, 


In this eonneclioii tlie I'l'arrangoment of liiarylm('thyl peioxidi's is 
of interesl. Wic'land''’ has lonnulah'd th.’ ])i'oe('ss in llu' following 
manner; 


(CJIdsO-O-O-CtCclIds 


Ileal K 

iinmi(<‘s til 

■ - -> 2 ((UU)sC- -()- 

l)oilinK 

x> 


C (KWh 


(CJU),- (V-OCcIL 

I 

(c\n,)2 -(■- ocjh 


It r<‘iuain('(l for TiffciK'aii ai\(l his coll( a^\i(\s to aj)])ly this coiiropt 
to till* ])inacol and alli(‘d n'aiTaii^'oiiuaits. After (‘xtt'nsivi' (experiiiKTital 
studii's those inv(‘sii^ators cain(‘ to the eonelusioii that a nieelianisin 
tiased on dissociation into active niolecul(‘s with fr(‘(‘ vaUaicxvs b(‘st. ex- 
plained this typ(‘ of cliange and that loss of wat(T prccedcnl the rear- 
rang(Mnent. According to them the pinacol nxirrangcanent is to be 
fonnulat('d as follows: 

Ry Ai 1 C Ai 

>C-C< ->ll20+ >C-C< R— C— C-R + H 2 O 

r/ I I ^R R''^ 1 i \p 

OllOII () — 


It is TiffeiK'au’s '-’® belief that in all rearrangements which involve the 
elimination of simjile moli'cuk's such as watiT and nitrogen, and are 
tmly intramolecular in their nature, a dissociation into “intermediate 

Wiclaml, lirr., 44, 22^ (1911). 

'I'ilTeiicau, lii-r. ■'-<' 1 '.. 18, 5Ki (UKIT); Jiull. soc. chim., [4] 1, 1221 (1907); Compl 
rcml., 143, ()S4 (190(1). 
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systems which possess free valences” first takes place, instead of inter- 
mediate compounds with saturat(‘d valences which arc' more or loss 
structurally stable. Thus the reairangeinent of phenylhydroxypivalic 
acid ester which involves a migration of the carbalko.vyl group is for- 
mulated as follows: 

C6H6CH(0I1)C(CH3)2C00R CoIR^- + H 2 O -> Cclb— C-COOR + H 2 O 

i(CH,),COOR I^(CH3)2 


The transformation of glycols such as hydrobenzoin is represented in 
the following mannc'r: 


C.H5CH(01I)CII(0H)C,H6 


O 


CelRCH-C-CsH, + HsO 


> (CoIIOsCH— C 



II 


The mechanism for the benzilic; acid rearrangc'iiK'iit becomes: 


I + 2 HA) 
CelbC-^O 


/OH OH 

CelbC'^ p „ P 

Alkali I \Of[ OolUk — 

^ I .011“* OII+II.O^ 

CdbC -O- 


/OII 

(CJIJ.C -COOH 


Tiffeneau also assumes the intermedia! (‘ formal ion of active mol(‘(“ul('s 
with free valences in the r(‘arraiiji;ement of n)(‘thylaTiilin(^ into />-t()liii(lin(‘; 
of N-alkyl- and N-ae3d])yrrol(‘s into ( -alkyl- and (/-aeyIf)yrrol(‘s; of 
phenylhydroxylamine into p-aminoplnmol; of hydrazol)eiiz(‘n(‘ into t)en- 
zidine, etc. lie has also applh'd his m(‘chanism to rearraii^eiiKads in 
the camphor d(*rivatives. 

Essentially the same conclusions have becai n^aelu'd by Montague 
and by Meerwein in th('ir ex]>erimental studi(‘s ol thci pinaeol n^ar- 
rangernent. They have also shown that cyclic compounds an' not found 
as intermediate's. Meerwein and his co-worke'm b('li('V(‘ with Tifte'iu'au 
that in these rearrangeaiH'nts the change' is caused })y a elire'e^t. le)ss e)f 
water from the pinaeol, anel subseepient- migration e)f a raelical. As tliey 
have pe)inted out, it make's lU) differeaic.e in the' symme'trieud glye*nls whiedi 
hydroxyl gremp is e'liminate'el; but with unsymme'trieial glyexds diffe'iviit 
products can be formed dei)eiiding on the^ hydre)xyl grenip whie*h is re'- 
rnoved. Obviously, in general, the le'ss firmly attaclu'el group will be 
mainly (3liminateei, anel frean the^ nature' of thei ke'tone whie^h is fe)rmed 
the relative bond strength of the hydroxyl groups can be de'tc'rmined 

Montagne, Rev. gen. sci.^ 18, 591 (1907) ; lier.^ 51, 14S2 (1918). 

Meerwein, Ann.^ 419, 121 (1919)- 
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Ilsing this approach to llio problem ]\Ic(*r\vciii obtained data on the 
affinity of groups in these pinacols. Tlu' phemyl grou{) gn^atly incrc'ases 
the reactivity of the adjoiTiing hydroxyl group. In the aliphatic series 
he finds that the ^‘vaUmec^ requinanents^’ of lh(' normal alkyl groups 
diminish with increasing numlxu* of carbon atoms, but that this is not 
continuous; th(^ alkyl groups with an odd numlx'r of carbon atoms have 
greater affinity than those with an even numlx'r of caiLon atoms. Using 

1* 1 i 1 1 . r 1 II . i. , 


follows 

; 


eXHav 

y on yOU 

Crdlfi / /()- 

\ / / 

> 

c C- It - 

-> >C— (’- It + IT.O 

(XH5^ 

\r 



/)U yOU 

('113 


(C,n!,hC~-C~R + HjO 

I 

R 


(’,Tl6+ HaO 


('JI3— c— c '— cjib + n^o 


lliis (•oncopl of tho iiiteniiodiaU' formation of niolocuk'S with free 
valonccs has Ikhmi advanced to explain the mechanism of tli(' C’urtius, 
Hofmann, and Lossen rearrangements. Tiemann tii'st suggested that 
an unstable univalent nitrogen derivative is formed as an intermediate 
in tlie conversion of benzhydroxamic acid, CViHr>O)]SIII0H, into aniline 
and carljon dioxide. In a senk's of ('xtim.sivt! investigations on halogen 
amides, RCHlNHHr, acyl azidi's, R(k)N;{, and hydroxamie acids, 
RCX)NIl(OH), Stieglitz and his students--* devedoped this suggestion 
and mad(' it. evident that tlu' Curtins, Hofmann, and Lossen rearrange- 
ments ar(' fundamentally alike'. Stieglitz proposed that the mechanism 
be formulated as follows: 


// /^ V / 

p_C_N<( R-- C~ + XY ^ R— X=CO + XY 

\y X 


The isocyanate which is fornu'd tlu'n reacts with water to produce 
Tiemann, 24, 4U)i5 (ISIU). 

Tor a compilation of releumces se(‘ Porter, “Molecular UearrantTonients,” Chemical 
f 'atalog Co., New York (H)liS), ]>• Ih. 



97e8 


ORGANIC CHEMISTRY 


amines, and with alcohol or phenol to give urethanes. The action of 
amines on the isocyanates yu‘lds the substituted ureas. Focusing their 
attention on the effect of the groups X and Y these investigators also 
demonstrated that transformations of this kind take place in other 
nitrogen compounds, and that ono can c'xpect rc^arrangianents wh(m 
X and Y are of such a natun^ that th('y can be removed as simple mole- 
cules vsuch as whaler, nitrogen, halogens, and hydrogen halid('s. A f('w 
examples will scu've to illuvstrate this point. 

Triph('n.ylmet hylliydroxy lamiiu' and its related compounds hav(' 
been found to und('rgo rearrangement.. Stieglitz and his stiuh'iits have 
shown that the hydroxylamin(‘, haloamine, diciiloroamine, and azid(‘ 
rc'arrange to give the same i)roduct — tlu' ]:)heuylimide of iK'nzophenonc?.*"^ 
Their formulation follows: 


(C6H5)3C— N< 


JI(Cl) 

•on(ih-)(ci)(N2) 


(C6ll5)3C— N< 


+ 


TIOH 

ITIh- 

do 


\ 


No 

((^,lR)oC=X— ColU 


It is also known that an alkyl group may be sul)stil ut(‘d for a phenyl 

/ /A 


grou]). J\Iethyldiph(‘nylm('lhyldi(‘hloroamine,“^’ (CdkOoC^lClI ,) { N< 


V\/ 


yields the jjlKui^dimidc' of a(*etoj)henone. 

This last n'aetion is of inter(‘st in that it shows th(‘ migrational a])ti- 
tude of a methyl group as compared to a phenyl grou]). Oth(T studi(\s of 
this nature havci l)een mad(' on th(\s(^ compounds. Morgan lias ob- 
served that substit.iition of a halogen in the* b(aizen(‘ nuch^us of tripheaiyl- 
methylhydrox.ylamine has littlci effect, oii th(‘ migrational aptitudes 
Three products in n^latively eciual amounts an' foi’inc'd wlien y^-bronif)- 
ph('nyl- 7 >-chlorophenyl-i)henylmethylchloroamin(‘ undei*go(\s rc'arrangc'- 
inent. 

Schroeter has used this mc'chanism to ('X])lai]i tlie formation of 
tetrazok's from diazid(\s. 


.N< 


.N 


N 


(CeiiOsC 


X 2 + ((xIl5)2C< 




CcMiC 


.N-X 

!l 


^X— X 


Stioplitz and VoshiirKh, lirr., 46 , 2151 (19ia) , Vosburjih, J . Am. CJivw. Soc., 38 , 20S1 
(1910) ; StieKlitz and Leech, lirj., 46 , 2147 (1913j . Am. (hem. Noe., 36 , 272 (1914); 
Senior, 'ih,d., 38 , 271S (1910). 

NefT, Th(‘hi^, Uni\ejMty of (liicaKo (1927) ft'. A,, 22 , 3039 ( 192 S)]. 

XL^rgaii, ,/. Atti, (hem. 38, 2095 (1910). 
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( iirtius lias shown Ihal. honzylazido yields uu'thylonc aniline on 
r(‘aiTan}i;(‘nieni. 13enzyliden<'iinid(‘ is ohtaiiK'd as a hy-producl . On 
llu' basis ol tlu' ini'chanisni ol S(iefi,litz the reaction is to hi' foi'inulated 
as follows: 


CeliBCHa— N 


/N 

/|i 

"N 


rcllrX’IIoXC^-l- X 2 


MiKiatioii of a 
ph(‘ii>l {.Ooiij) 


(V,ir5X=CIl2 + Na 


Mmralion of a 

liydiopon atom ( -f- TS o 


Sti('j 2 ;lit-z iisf^i tliis coruH'iit to ('xplaiii llu' I>(‘(‘kinann r(ai]‘raiij»;oin(‘nt. 
of oxinu's into anii(l(\s. "this i‘(ai(*tion lak(‘s j)la.i‘(‘ wIkmi an oxiino is 
trc'at('d Avitli such r('ap;cnts as ]>hosj)horus jx-ntachloridf', pliosphonis 
oxychloride', or nea'tyl chlo]‘id(‘. Jlantzsch"'^ had pre'xiously ])ro])os(‘d 
that a chloriniidok(‘t one was foriiK'd as a.n int('rn\('<liatc compound in 
this r('a]Ta.n^onu‘nt . 


JK 

C=^()U 


roi;. 

Acoly] chlui tdc, (‘(c 


l!x 

R^ 


>('-=N('l 



C'l 


Tl..() 

- - > 


0 

I!\ /H 

\(' =NR I!-- (’ -N'<^ 

IK)/ 'U 


8tiet;litz and Piderson examined this mechanism by prepai'int; sev'ei'al 
chlorimidoketones and studyiiifj their chemical propiaties. "rin'y found 
that these compounds did not rearrange undi'r tlu' conditions which 
brinf^ about, tlu' con\'ersion of oximes into amidc'S, and from their ri'sults 
they were' compelled to conclude t.hat thiw were not, formed as inter- 
mediates duriiifi: till' rearrany^cmenl jirocess. A mechanism was then 
])ro])osed which assunual the interim'diate formation of a univalent 
nitrogen com])ound, thereby placing this nairrangement on a common 
basis with those' changes of the Curtins, Hofmann, and l.ossen types. 
According to tln'in the first step in the jirocess involves an addition of 
hydrogc'ii chloride' to tlu' oxime. Loss of a molecule' eif water jireiduces 
the' univale'iit nitreigcn eh'Hvative. Tlu'y formulate'd tlu'ir inee'hanism 
in the' feilleiwing nuinne'r: 

Cl Cl 


Rv R 

\C=NOII -f IICl 
R/ R 


/ 

>C-A'< 


n 

-on 


11..0 -b 




t'l 


on 


/ n..o / 

R— C=XR - R— C==X -K 


C’lirtius Hiul Diinipsky, J • prakt. (^hrrn., [12] 63, 4JvS (1901) ; Bcr., 35, (190J) 

•‘^'MTant/.sch. Her., 35, .‘1579 (1902). 

SticKlitz and IVtorson, Bn ., 43. 782 (1910) ; T^etersoii, .4???. Chcjn. J 46, 325 (1911) 
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From the illustrations which have been p;iven it can be seen that this 
concept of the intermediate formation of active molecules with fn^e val- 
ences has found wid(\si)read us(\ However, Ihe application of this vu^w 
to experinumtal facts which have been oblaiiuxl simre the id(\a was pro- 
posed reveals the fact that fre(|uently its employment is open to criticism. 
For example, Ni(*ol(d and P(dc have criticized Schro('ter\s interi)reta.tion 
of th(' benzilic acid rearran^xanent which postulate's the interiiH'diate 
formation of a bivalcait- carbon comj)Ound, and of diphenylkete'iu'. 
They state that this theory involves the assumption tliat in the preseaice 
of hydroxy lie solvents dij)henylk(‘tene will add the imtassium salt of 
hydrogen peroxide to give benzilic acid more rapidly than it adds water 
or alcohol. From their (‘xpcaimental re'sults they an‘ forced to conchuh^ 
that this is not the fact. llowevcT, they are' careful to point e)ut that 
their work does not show the im])ossibility of ae'tive mole'Ciik'S with fn'^t 
vale'Tices. It is emly ^with Schroete'r’s ap]dicatie)n e)f the c()nce'})t that 
they are in disagreement. 

The conce'pt does not lake into account. (*.('rtain factors which have' 
a pronounce'd effe'ct on the teneleney e)f me)lecul('s to undeige) re'arrange'- 
me*nt. In the'ir studie's of the Gurtius, I]e)fmann, and Losseai re'arrangc*- 
ments, Jone's and students have shown that the' e'ase' of sueh transfor- 
mations does ne)t de'i)e'nd vsolely on the nature' of the' grou])s X and V. 
Jones and Ilurd^-^ made', a com]nirative stuely of tlu' re'arrange'iiu'nl of 
meHUjphenyl-, diphenyl-, and tri])hen\da.cetliyelre)xainic acids anel their 
derivatives. Tlu'y found that the ease of re'ariange'me'nt was gie'ate'st 
with the derivative's e)f triphenylae^ethydre)xamic ae*id. The' de'ri\ ative's 
of mone)phenylae*ethydre)xaniic aciel showe'el the k'ast le'iide'iie'y to give 
rearrange'ine'nt pre)ducts. On the' basis ejf the'ir re'sults (he'V sugge'ste'el 
an interpret atiejn e)f the'se re'ae*1 ie)ns base'.el upe)n the^ e'le'e*tronie* e‘e)iiceptioii 
of the e*heniie*al bond, and the'y put fejrward the' generalization that “tlie 
e^ase of re'arrangement is eJe'pe'iiele'iit upeai the' t('nele'ne*y oi the raelical R 
in the univalent nitroge*n elerivative's te) exist as a free raelical.’' The'ir 
formulation which excludeel the' oxime's is as fe)llows: 


R 

• • • • • • 

:o:C:N:X 

Y 


R 

x:Y + ;();r^x: 


:o;c:N:R + X: 


Y 


Evidence in support of this hypolluisis has bec'ii submitted ))y Jones 
and Root.®-" Tht'se investigators studi(id hydroxamie acids whicJi ai‘e 

Nicolet and Pelt;, J. Am. (^hrm. Sdc.^ 43, 935 (1921). 

(a) Jones and Neuffer, ihicL, 39 , (>59 (1917) ; Jones anti Warnoj', IhUL, 39 , 413 (1917) ; 
Jones and Wallis, ihicL, 48 , 159 (1925) ; Jones and Root, 'IhuL, 48 , ISl (1925) ; Jones and 
Mason, ibid., 49 , 2528 (1927) ; DouKhcrly and Jones, Ibid , 46 , 1535 (1924). (5) Jones and 

Hurd, ibid., 43 , 2422 (1921). 
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isoincTic with triphonylarcthydroxamic acid. (h~ and p-Beiizhydryl- 
bcnzliydroxamic acids were prc])ared. In both 1h(‘so compounds they 
found that rearraiigomcuit of tlunr dorivath'cs docs not occur at tom- 
})craturcs at which tlu^ isomeric t-riplienylmethyl (‘oin])ound rearranges. 
Thus, the ease of rearrangemcait di‘])ends upon th(‘ (hM’tronegativity 
of the groups fasUuKHl to tlu' central carbon atom of the radical. 

Ilurd has pr('i3a-r(‘d c(a*tain derivatives of N,N-diphenyl“N'- 

liydroxyurea., (C6lI:3)2N — C' — NlTOll, and has found that they give re- 
arrangx'mcait ])roduc‘ts, but thal th(‘ (hang(‘ does not o(-cur in the corre- 
sponding N-inono})henyl derivatives. 

Tlie nuahanism by nurins of which the R group originally attached 
to the caihoii atom, migrates to the nitrogen atom has Ikvu th(‘ subje(‘t 
of much cliseaission. Its elcM^tronic nature lia-s berri given different inten- 
}n’(‘tat ions. It is gene'rally acce‘])t(rl that in the^se^ rearrangenienls a shift 
e)f an e‘lect>ron pair take's plae*e frenn (he carben ateuu te) the nitr’e)gen 
atom. Jene'S'^*^ e*e)nsiele're‘d (lie greaip to be^ e)f the' natures e)f a positive 
radical. In this interpre'la-tien the* e‘le‘(*l.ron ])air anel the grenip he*ld by 
it elo ne)t- miginte' te)gethe'r. Jone's and Hurd'*^^^ assunu'd that during 
the rearrange*ine*nt the radie*a,l e'xists mementarily as a fre'e radical. 
Stie'glitz has pe)stula.t(‘el that the group is e^ssentially a negative radical, 
anel thai eluring sue'h re'ai-range'inenls the (‘k'ctrem pair with its group 
shifts from the' enihen atom to the' nitre)ge'n atom. 

In an att('m])t (e) gain furthe'r insight inte) tlie mechanism of such 
n'arrangenient. j)re)e‘e‘sse‘s June's and Wallis stuelie'el the^ miture e)f 
tlie ])roelue*ts forinc'd A\h(*n thei raelie*al, R, erntains an asymmetric 
carbein atemi. The'V founel that r/-b('nzyhne‘thylae*e't azide' renirrange's 
re'aelily tei pre)due*e an ojitically ae*tive isocyanate which ein hydredysis 
give's an eijiticalbv active ainiiie^ hyelrochlorieie. 


() 

C,M,C\h\ /' /N 

id) >{’H— C' -N< II -> N2+ id) 


Clla 


H 

C\lhClh^ I 
C’ll/ 


i<l) 


(’gUsC'IUn 


CII3 


H 


>CIl— NII2 


ci- 


Siniilar n'arrai\f>:('tn(‘nts havo bt'(‘n carried out on the corresponding 
optically active' ainidc', and hydroxaniici acid. From tlies(; expc'rinients 
tlu' fact has ciiK'rgcd that not only arc tlu' products optically active in 

■■'“Hurcl, J. Ain. Chfm. Sue., 45, 1472 (l!)23). 

Jones, Am. (lirm. 50, 441 

St,ioj!:li tz and Lceeh, ./. ^4m. Chrm. S<tc., 36, 280 (1914) ; SticRlitz and StaRner, ibid.. 
38, 2047 (1910). SticKlitz aiul (;o-workers, I*ror. NatL Acad. Scl. U. A',, 1, 207 (1915). 
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all Ihn'o cas('s, but the value of the rotatory power of the aiiiiiu' hydro- 
chloride forinc'd in the rearrangein(‘iils is the same. This strongly indi- 
cates that, during the reaction partial raecanization does not take plac(\ 
The conditions us(‘d in th(' three ('X])erinHmts are very different, and it 
is highly iinproba])le that th(' sanu' (h'gree of racc'inization would occur. 
Any interpretations of the (dc^ctronic natun' of th(' radical during the 
reaction procress must explain this fact. 

In the discussion of tlu'ij* exixalnuaits, Joik's and Wallis suggested 
two ])ossible inIcTpretations. (a) Th(‘ group migrat(\s as a ])ositive 
radical, and is of the* nature of a (*arbonium ion. dins is t"ss('ntially an 
ionic hy])othesis and tla^ intcTpretation is suggc'sh'd ))y llu' fa,ct that 
th(‘re are ma,ny rc'aclions in which substitution on an asymnudric caibon 
atom does not hvul to ra.(*(‘mization. It implievs that a positixa^ duu-ge 
may play thc‘ part of a foiudh group in maintaining asynuiudry, an idea 
first ('iiuiKiated ))y Biilmanu to exjdain thc' a.ction of iIk' sihea* ion on 
c/-a-bromoi)ropionic acid, and more' j-caaaitly uscal by McK('nzi(‘ and 
co-workers to ex]>lain the (‘Xpcaimcaital n^sults obtain(‘d l;y iluan in 
their study of the rearran genu aits of (aadain amino alcoliols. It will be 
shown sul)S('qu(aitly that tlua-e ai“<‘ scaious olqcadioris to this ideal, {b) 
Thv nairranging gi*ou]) do(‘s not. (‘xist (allaa’ a> a ])()siti\’(‘, m^gative', or 
neutral free radical but “in soim^ way bedbre^ th(‘ gi’ou]) adually })arts 
company with its carbon ma'giiboi-, th(‘ luiixaleait nitrogeai atom has 
l)egun alnaidy to (‘X(a-(*is(‘ its infiiKaicc^ on tlu' radical in such a mannea* 
that whcai chaivagc' actually do(\s take' pla.c(‘ a clnuigc' in the* configura- 
tion of th(‘ grout)s a})oul the* asynuudric caibon atom is ])i‘('vcait(al.” 
They imagiiual this influeaicc' to ber of 11 h‘ nalur(‘ of a. partial vahaicc^ 
and ])ictured the uiiivakait nitrogcai d(aivati\'e in the following manner: 


C;Il7 



This interpretation implies that in mol(‘Cular rearrangcamaits which an' 
intramolecular in nature the n'arranging group is at no time' actually 
fr('(' and unattached. From tliis vu'wpoint, the work of Wk'land on th(' 
occurrence of frc'c radicals in clK'inical reac'tions is of intcTC'st. Othc'r 
facts recorded in tlu' chc'mical litc'rature substantiate' this vic'w. 

It is well known that triphc'nylmdhyl is an ('xcc'lh'nt rc'agc'iit for the 

Biilmanu, Ann., 388, 3^0 

McKenzie, Roger, and Wills, J . Chvm. 779 (1920). 
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dctGCtioii of free radicals. Eor example, Wii'latid has iis('d it in liis 
exp('riments on tetrai)henylhydrazin(\ SehUaik has shown that wIumi 
diazometlianc is allow(‘d to (l(H*oin})os(' uiuh'r siiitabh' conditions in tlui 
presence of iriphenyhnidliyl th(‘ formation of ethylene is pivvcMited. 

N 

+ > (CclL),C— CJl.- C{CcMu):i + N2 



With these lads in mind Wallis studied tlie nature of the ])rodud-s 
iornied in cc'rtaiu moh'cular r(‘arrang(‘m('nls wh(*n tlu' r(‘a(*tions 
carried out in the' ])n‘s(MH*(‘ of (vw radicals. In tlu' aI)S('n(‘(' of this highly 
unsaturated (‘om pound, ]K‘nzylm(‘thy]a.(*('tazid(* n^arraugc's (juaiitita- 
tively to giv(‘ lK‘nzylm(‘thyhm‘thyl isocyanate'.-^''*' If this same' rea(* 1 ion 
is allowed to take' plae*e* in the' ])re'se'ne‘(' e)f trii)h(‘nylm('t hyl it. can be^ 
ivadily se'en 1 hat if llu' re'arraiiging group in its migratiem from tlie' e‘ar- 
l)e)n atemi to the' nitre)ge'u atean e'xists as a fre'e' raelical tlu' forma.tie)n of 
two isoe*yanate's is ])e)ssible‘. It we)uld be* e'Xjx'cte'el also that, if a. uni- 
vale'nt nitr*e)ge'n e*e)m])ouiiel we're' forme'el as an inte'rnu'eliate', a.n axlditieai 
ce)mi)e)unel with tri])h('nylmethyl wenild re'sult. But this is not the' fa(*t. 
Whe'ii a l)e'nze‘n(' solution of be'n/ylme‘tliyUi(*e'tazi(.le' is aJle)W('el te) re'aj- 
i\‘Uige‘ ill tlu' abse'ue'e' of oxyge'ii in a lie'uze'iu' solution e)f tri])he'nylmethyl 
eaily erne isex'vanate' is proeluea'el. No adelitiemal compeMinels with uni- 
vale'Tit nitroge'ii de‘ri\'aliA’e's are' forme'el in de'teda.ble‘ ame)unts. A eiuan- 
titative' eieti'i’minatiou of the' ame)unt. e)f eixyge'U absor'be'el by the fre'e 
raelical re'inaining afte'r the re'arrange'iiie'ul atse) she)ws that neine' eif it 
take's ])art in I he' ]-('arra.iige‘me‘nt . 

Further e'viele'ue'e in supiieat e)f tliis vie'W has be'e'ii e)btaine'd by Wallis 
anel Aloye'r,'^* whe) stueiie'el the* Jleifmann re'arrange'me'ut of 5 -dinitro- 



G-a-naphthylbenzamido. The cemversiein was ])re)ught abend in the 
usual manne'r liy the' ae*tie)n e)f sedium hyj^e^brennite'. The amine.' se^ 
obtaiiu'ei was fe)unel U) be' eiptically active. 

It. is 1 e) be ne) 1 e'd that in this meik'enile' eiptical activity is due to me)lee> 
ular asymme'try ce)ndilie)ne'el bj^ tlie re'strictieni e)f free reitatiem about the 

^ Wieland, “Div Hydiazine,” Enko, 1013. 

3‘VSf‘hrmdlin, “Dji.s d’nplKMiylnicthyl.” lOnkt*, StuUxart, 1014 (Investii^iitor Schlcnk). 

Walli.s, J. Am. ('him. Soc., 51, 3082 (1020). 

Wallis and Xloycr, ilnd., 66, 250S (1933). 
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axial bond. The rearrangeiiH'nt takes place with no change in sign of 
th(^ rotatory powcT, and in such a manner as to produce no detectable 
racemization. The results show that migration of the rearranging group 
is not possible in any free form, either as a positive, negatives, or neutral 
radical, for, if it were at any time free, rotation about the biphenyl 
linkage would be possible, and an inactive or at least a partially race- 
mi zed product would have b('en obtained. 

Thes(i experiments make it evident that in these types of molecular 
rearrangements intramolecular procc'sses are b(ung desalt with. Tlu^ 
concept of the intermediate formation of free radi(‘als or ions doe^s not 
explain all the facts because such changes often involve a transference 
of electrons within the molecule itsedf. For this reason it would seean 
that such rearrangememt-s should b(‘ best. explaiiK'd on the basis of an 
electronic mechanism. But before this latter theoiy is e*onsi<l('r('d it i^ 
rnportant that memtie)!! be made of e^ertain e)ther criticisms whi(*h have 
been le^veled against a universal use of the cemcept now under dise*ussie)n. 

Montague has criticized Stie'glitz\s ap])lication of this intea- 

pretatiem to the' Beckmann reairrangeaneait of e)xiin(‘S. Ih' i)oints e)ut 
that the addition of hydrogeai halide‘S to tlie' e)xime as assumed by Stie'g- 
litz breaks the elouble bemel and tlu'rehy elestroys g(‘omedrical isomerism 
since there' is no longer re'stricted rotat ion betwc'eai the carl)e)n atom and 
the nitrogen atom. Uneler these' e*e)nditions the same intenne'eliate' 
compound would be produced frean the two ge'ona'trical isomers, and 
identical rearrange'iiient proelucts would be^ ewpe'cte'd to ])e' ol)taine'el. 
This is known to be ce)ntrary to fact. 

Stieglitz has revised his fermulation of the meehanism of this change' 
to mc'et this critieism. It. has be'e'ii shown by Rchroe'ter and l)y Hen- 
rich that the hydrogen halide adelitie)n pre)elu(*ts e)f e)xini('s arc', salts, 
and that only those oxime's whie-h form salts undergo the Px'C'kmann 
rearrangement. In his revised fermulation Stieglitz writ.c's tlx'sc' oxime 
salts as substituted ammonium salts. Loss e)f water and rearrangeanc'nt 
take place within the substituteel ammonium ion. lii tc'rms of the c'lc'c*- 
tronic concc'ption of the e*hemical bond his idc'as may be leji'inulat ed in 
the following mannea': 


R 

+ 


R 

R:C.:N:0:H 

:CH: 

-HsO^ 

R:C::N 

ii” - 





R R 

.. .. +1120 •• -• 

C::N:R > C::N-R 

iCil: :6) 

li 


It has also been necessary to modify the concept of the intermediate 

« MontaKiio, Brr., 43, 2014 (1910). 

43Schroeter, Ber., 44, 1205 (1911). 

44Heiirich, Ber,, 44, 1533 (1911). 
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formation of an univalont iiitropion derivative' in order to (‘xplain the 
reari angcinent of N-tri})henylincthyl-N-inctliylliydroxyltiinino : 

yCJI, ^Oil 

(CellrOsC-Os— OH (CrJT5)2C~ N(CTl3)(C6H5) 

Here, it ivS not. possible to form an internu'diatc' univalent nitrogen eom- 
pound in the s('ns(' in which it was originally used to explain tlu'se* r(‘- 
arrangeanents. Stie'glitz also assumes salt formation in this reaction. 
His ideas may ])e formulated as follows: 



These views ha.V(' bevn criti(‘ized ])y Lachman He has shown 
that a small amount of th(‘ oxime salt, of lH'nz()j)h(‘n(>n(' is able to bring 
aljout. th(' convea'sion of larg(‘ amounts of (lu* oxime' into be'iizanilide. 
He has also eUse'rve'd (hat the re'arrange'nu'Tit can be' carrie'd emt in the 
])re'S('ne*e‘ e)f watea-. lb' eone'luele's frean his e'xpe'rinu'iits that, the re'- 
arrangeaneait pi’o(*('ss consists in a dire'ct convea’sie)n e)f the oxime salt, 
into tlie* anilide' and fre'e aciel. 

r 1+ 

L(('f.iU)2('=N()ni - > (',-,iif.(’-xnCcTT6 + HX 

Accor(.liiif;' to him, “(h'hydratioii of the o\iiiu' salt is an uiiiK'oossary 
f)roliiuinai'y stej). Dch^ydraliiif.; afic'iils luorcly holji to furnish an an- 
liydrous jnodiuin wliich is a j^rcrociuisiic' (o tho formation of oxime 
salts.” 

Lacdimati has also crilieized (ho fimdamontal id(':i of this con(*(‘()t 
of (ho in((“rmcdiat(' formal ioti of moloculos with free valonc(‘s in its 
applicat ion (o oIIkt classes of mok'cular r('arranf>;om('n(.s. lie is oi)poHed 
to the ini ('iprotal ions of TilTonoau and o(h(‘rs, who picture n'arranfijo- 
monts of the piiiacol lyp.' as first involving a loss of water, lie belu'ves 
thal, the elimination of water is (lie last steii in the reaction process, 
and that first thc're is a simultaiuams exchange of an hydroxyl group and 

« Luctimaii, Am. Chnn. Aov., 46 , 1177 (1924) ; 47 , 200 (192.5). 

Lacluiiaii, ihid., 44, XaO (1922) ;45, 1509 (1923). See, also, Kohler and Baltzly, ibid., 
64, 4019 (1932). 
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a radical. Ills mochanisni involves the assuinidion of a mobile hydrox^d 
Sroup, an id('a first pioposed by Licben.^^ 

/Oil R^ ^on () 

f'-— H 11— C— C -OH -> R— C— C— R + II 2 O 

IV \r r/' \r r/ 

The same interpretation is used by him to explain the nu'ohanism 
of the bmizilic acid rearrangement. 

/Oil 

C6lI(,C=0 CfiHfiC— OH 

I d-HaO-^ (C6H5)2C— (T)OH 

CgTUC=0 CcHsC^O 

The conversion of bc'iizoin into diphenylacc'tic acad, and of dihydroxy- 
tartaric acid into hydroxyinalonic acid, is lectured in a similar maniK'r. 
As evidence for the necessity of the assvimjdion of a mobih' hydroxyl 
group Lachman cih's tlu' fact that th(‘ adilition compound fornu'd when 
one molecule of beuzil is treated with one molecule of sodium ethylate 
does not rearrange in the absc'uce of water, but decom])oses in alcoliolic 
solution into benzaldehyde and ethyl Ix'uzoate. 

/OXa /O ^TI 

CellfiC -OCXHf, d- CoHf,OII CgHgC- OC dTH d- > d- XaOtdlls 

C'gHgC^^O 

The addition compound contains no liydnml group. Only on the 
addition of wat('r does re.arrangcmcnt lake plac(' and pioduce Ix'nzilic 
acid. The significant observation of Kohler and Haltzly is also of 
special interest from tliis point of view. TIh-sc invc'stigalors havi; shown 

that hexamethylbenzil, (clI;j)3C,iH2— C— C — Cdr^tCH :().■(, a (‘(mipoiiiul in 
which hindrance ])revenls addition to Uh' cnr)x)nyl group, do(*s not 
undergo the benzilic acid r(‘aiTangenK‘nt. T]iis fact also gi\’(\s clau’acter 
to the argument of those who b(‘lie\e that tlie first st(‘]) in tliis r(‘arrang(^~ 
rnent is an addition to tlie carbonyl grouj). N(‘f’s vi(^ws are also shown 
to be untenal)le. Thus, Laclunan has fomid that bcaizilic, a.<*id can be 
made to yield benzoph(‘none and formic acid. Tluacdore tlu^ ordca' is 
benzil benzilic acid — ^ benzofdienone, and not as -N('f ])ostulat(‘d. 
His experimental results constitute a strong argument against, th(‘ views 
of Michael, who )>ases his nuadianism on the preliminary addition of 
alkali. Lachman finds that the r(‘arrangcanent t,ak(is place in watcT 

Lichen, MonaLsh., 23, 03 (1902). 

^8Nef, Ann., 298. 372 (1S97;; 335, 272 (1904). 

Michael, J. Am. Chem. Soc., 42, 812 (1920). 
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solution in the absence of alkali, alllunioh Hu. rnl(‘ of the reaction is 
slow(T. N(']ther do(‘s he aecvpt ilu^ idea of Tiffeiu^au llial both (air- 
bonyl groups are involv(‘d. Ac(*ording to l.a(‘lunaiu addition of \vat(u- 
takes place only on onc' kHoiu' groip). Tins app(‘ars to l>(‘ suj)p(>rt(‘d 
by the fact that the addition (*oin])ouful whi(‘h is fornu^d \\ith sodium 
alcoholatc (contains oiu* mok^cuk* of luaizil to one nioksaih' of tlu' (‘thyl- 
ate. fe( h('uing also su])[)oi‘ls this ideal with (‘XjK'rinu'ntal facts. "This 
in v(\st igatoi has slujwn tlnil in jiyridiiu^ solution ])otassiuin hydroxides 
forms with benzil a (somiiouiid of d(‘flnite (‘omposition, ( VJIioO- * IvOH. 
At 0 this addition (*om]>()und slowly nauaainge's to ])otassiuni Ixaizilatis 
at 80 the (sonvc'rsion is rapid. Ac(‘ording to laicliman’s \'i(‘ws this (am 


A)K 

be expc'ckxl siu(‘e the addition compound, ^ , (‘oiitains an 

Cdl.,- C^=.{) 

hydroxyl group. Finally it should lie pointeal out that tlu‘ ('xperinusnts 
of Schdnberg and KvWvr also indicate that tlu^ nairrangennent do(\s not 


involve both k(doii(‘ groipis. Tla^y hav(^ deanonstratial that to bring 
al)out the naudion oik‘ mohaaik' ol I'eagcad is n(M‘('ssary for ('V(‘ry mol(‘- 
cul(‘ oi bcaizil. .From all th(.‘S(‘ (acts Lachmai 5 has con(dud(‘(.l tha.t tlu'se 
(‘hangf's aias (‘sseaitially oxidation-rc'duction p?’oc(‘ss(‘s, and as sucli in- 
volve a tra.nsf(‘r of ek'ct runs. in th(‘ (liseaission of tlu' (Fadronic nuadni- 
nism as a common basis for inoh'cular rea,n*ang(‘m(‘nts this mechanism 
will be c()nsider(‘d again. 

Other difheulti(‘s ar(‘ (aicountca'c'd in 1h(' aj)plica.l ion of Tiffcau'aids 
id('as to fa(ds whi(*]i ha\'(‘ b(‘(‘n discov(‘red sinc(‘ th(‘ hyi>otii(‘sis was [>ro- 
I)os(‘(L hd'om tlie expeainKads of j\lciv(‘nzi(‘ and his co-workia's,''*’ it lias 
Inaai sliown that c(‘rtaiii ojiticall^" a.(div(‘ pinacols and amino al(‘ohols 
maintain a.n asymni(‘t lic configui’ation dining iwairaiigeaneiit . It- has 
also b(H‘n shown that wluai cea-tain o]>tically atdive /( yt.-alkylcarl>inols 
undergo tlu' Wagner r(‘arra.ng(‘ment ojilically active jn'odiuds arcs ob- 
taiiH^d."’*^ On tlus basis of tlu' int(‘rmedia.1e formation of inol(s(*ul(‘S with 
frt'c vakaux'S these facds pr(\siii)i)ose that such frex' radi(*als (*an jiosscvss 
a traiisicmt (existence without loss of ojitical aedivity. 

A surv(*y of tlu* cluauical lit(a*a.ture slunvs that ccadain nn'ordctl facts 
strcjiigly indicate that, this is not ])ossible. Pickard and Ktaiyou have 

^^gSclu'iiinp;, J:icr.^ 56, 1152 (I92.a). 

Schonherjj; and KelU'r, lu r., 56, Ki.aS 

McKoiiziu and Uichai dson, J. ("hem. Soc., 123, 79 (19l!;p; McKenzie and RoKcr, 
ibid., 125, 841 (192‘1) , McKenzie and Dennier, ibid., 125, 210.5 (1924) ; McKenzie and Wills, 
ibid., 127, 2S:i (1925) ; see also .inn. ('firm. Sor. {Linidou), 27, 115 (19d()) ; 30, 184 185 

(1953); McKenzie and Myles, Bcr., 65B, 209 (1932); McKenzie, Roj^er, and Wills, ./ 
('firm. Soc., 779 11920) ; McKenzie and Dennier, JJrr., 60B, 220 (1927) ; MesKenzie, Roger 
aiul McKay, J . Cfirm. Sue,., 2597 (19.32). 

Wallis and Bowman, J. Am. Chem. Soc., 56, 491 (1934). 

Pickard and Kenyon, ./. (.hem. Noc., 99, G5 (1911). 
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shown that the action of magiKisium on optically active alkyl halides 
gives optically inactive products. Ot-lu^r inv(!stigators have ob.served 
similar rc'sults. The spatial configuration of the vakau^es in tricovakait 
carbanions, free radicals, and carbonium ions has b('en studied by Wallis 
and Adams.®*' It is suffi(U('nt to meidion only the fact that optically 
inactive products invariably resulted in all those metatheti(ad redactions 
studied in which the intermediate formation of fj’ee radicals can justi- 
fiably be as.sumod to take place*. 

In orde'r to ewplain the results obtaine'el in the'ir steiely of the optically 
active amino alcohols and glycols, Me'Kenzie*, lie)ger, and Wills adopt eel 
an ionic hypothesis similar in some respects te) that suggeste'd by Je)iu's 
and AVallis as a possibles e>xj)lanalie)n of the'ir results eai the Curtins 
rearrange'meai I . These investigators r('i)res(>nl, the; actie)n of nit.re)us 
ae-id em the optically active amine) alcohe)ls as follows: 

Ccllov CeJh. 

(0 V CH + HONG — > V— ClI 

CbHb/ 1 1 Cell/ 1 I 

OH NHa OH X=NOH 

^O ^CJIb 

(./) CoIHC (Ml 

^CIH 

The pinacol)S and glycols are formulated in a similar mfiimer. 

CeTHCHs. /C10TI7 CeiCCHo. 

(0 }C ('ll )C - t’-II -> 

CelhCn/ 1 1 CcIHCH/ 1 + 

OH OH 0+ 

/CH.,C6n.', 

(/) C6HbCH.C-CH< 

Xh„Il7 

They assume that both ekdctric charges are alike in the, above scheane; 
in order to account fe)r the non-formatie)n of stable* ethylene* oxiel(*s. 
This idea seems to be very unlike*ly, anei it has be'(*n eTiticize*d by Ha- 
worth.®® Haworth re;prc!sents the; e*harge*s as being e)f oi)[)e)sit,e* sign anel 
explains their neutralization by a migratiem e)f the phenyl grou]) vnth 
its electron pair. 

There are other f)bjections to this hypothe;sis. In a study ejf certain 
spontaneous migrations of optically active; greaips from oxyg(;n to sulfur 

Wallis and Adams, J. Am. Chrm. Soc., 55, .'rs.'iS 
Haworth, Ann, liepts, Chem, Soc. {London), 23 , 111 (1920). 


Cellos 


>C 


Coho'" I + 
0 + 


.CH3 
-CH -1- N.. -f HoO 
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ICenyon and Phillips .shown that the rc-arrang(mient is ac(.om- 

pained by racemization. An invosligiation by Wallis and Adams on 
the stability of the spatial arrangement of the groups in ea.-bonium ions, 

R,:C , has produced (widence which indicates that in the absence 

- R3J 


of a special mechanism which leads to a Walden invi'rsion such con- 
figurations are optically unstable. Only when tlu; group is in the form 

r Rn- 


of the carbaiiion 


Rate: 


does the s])atial arrangement of the groups 


L R3J 

in the ion appear to be sufficiently stalile to maintain an asymmetric 
configuration. 

In order to mei't the objections to this concei>t in the form in which 
it has been apiilied by McKiaizie. and his co-woi kers, Kenyon, Lipscomb, 
and Philliiis proposed that the mechanism of the rearrangement be 
formulated as follows: 


Cnir 


X'H 


-('II 


liONri ^ 


x;iL 


X’ 


-cn 


Oli NIK 


((’elD^-f— ('ll 


(’f.It/ 1 I 

on N— Non 

CTI., [('sTLl- ('H3 O CeTK 

/ / / 

('f,lLC -CJl ColIiC ('II 


O -fNsrN 


0 +.NS:SN 


CIL 


W 


I'la'se investigators have pointed out that this interpretation has (he 
advantage that it gives an e.xplanation of tlu; non-formation of the oxide 
“without, departing from accepted theaeries of valency,” anei that it is 
ne»t necessary te) |)ostulate‘ that a jieesitive charge plays the part of the 
femrth greiuj), the-re'by assuming that carbonium iems can reunain opti- 
e’ally active*, in the frea* state. 

Reflectiein will show that this nu'chanism also has its disadvantage's. 
Its ethu'f fault lies in the fact that in the rearrangenu'nt eif the unstable 
ceimplex, lej, (hei feirination eif a free negative iem, CcH.i , is postulated. 
In the; light e)f the e'Xpe'rinu'nts eif Wallis anel Aleiye'r em the Hofmann 
re'arrangement this can be esemsiele're'd te) be^ a se:rious weakness. It is 
imjirobable; that, fine negative phe'iiyl ieins are; formed. Any idea of 

Konyoii mid Phillips, J , Chvtn. Sor., IfiTh (19d0). 

Kenyon, Idpscoinb, and Phillips, ibid.^ 421 (1930). 
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dissociation into ions of this tyj^c innst take into account the energy 
requirements necessary to ])reak the bonds. Ilen^, also, as in the Curtius 
and Hofmann i*earrangem(Mits the (ixpcrimental evidence indicates that 
the rea(*tion is unimoh'cular in its nature. Tluu'(Tore, it would seem 
that ions are not involvc^d, but a transfca-ence of electrons within the 
molecule itself, and that an electronic mechanism is to Ix^ preferred. 

The ionic hypoth(\sis lias been advanccnl to explain the mechanism 
of other rearrangc'iiKmt processes. From the discussion of the applica- 
tion of the concept of th(‘ formation of int eniK'diatc' cyclic compounds 
to the Wagner rearrangcaiuait it was seen that such an hyjiotbesis tacitly 
assumes that changes of this tyjie arc^ lirought- about by the removal of 
water. However, it is known that there are instances in which water 
is not eliminatcxl. It is also a fact that uikUt suitable conditions (sol- 
vent, etc.) molecules of conqiounds which behave in this maiincT give 
evidence of ionization. This suggests an ionic* hyiiothesis as an c'xpla- 
nation of this type* of rearrangemc'nt, and l\Icerwc*in and A\’ortmann 
have formulated the* cliange on this basis. Acc'ording to thc‘m such an 
interpretation can also be used to C'xplain those* r(*aclie)ns in whic*h watc*r 
is lost during the* I'earrangemc'iit })i*occ*ss. Thc*y be*lic*vc‘ that the cause* 
of these* change's is not to be* found in the* assunqition of a le)ss of watcT 
as the first step of the* re*arrange*me*nt, but lies within the* ion whie‘.h is 
formt*d by e*lectrolytic dissociation. The imrpose of the* acids which are 
use*d to bring about the* reaiTange'me*nt is to e*ste*rify the hydroxyl group. 
The est(*rs so ])rodue‘e*d are assume.*el to be* the ionizable* molecule's. 

The formulatie)!! ejf the* re*arrangeme'nt of o,3-dime't hyll)ulanol-2 is 
give*n as an exam])le‘ of the applicatie)n of the‘ir idc'as to the* mechanism 
of the Wagiu^r re'arrange*ment. 

H r 

Acids I ^ 

(CH3)3C— CHOU — > (0113)30— C—OAc ; " ((^13)30— O— (db, OAc “ 

! 1 i 


OII3 


OII3 


11 



IT " 1 -^ 

I 

CX(dl3)‘> OAc“ 


(CIl3),0=0(0H3)o + TIOAc 


[OAc - acid radical] 


The pinaced re*aiTange*me*nt is e*xplained in a similar manner. 
[(CH 3 ). 2 C— CXCIl3)20Ac] OAc- [(CJl3)3(-’- r(C'Jl 3 )OAc] OAc' 


(cn3)3C - c— ciTj 


69 ]V[of‘rAvoiii and Wortinanii, Ann., 435, 190 (1924). 
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The fact that the rov('rs(‘ change (l()(\s not occur is explaiiuHl on the basis 
of the instability of the pinacoloiu' cst(‘rs. 

They explain the bc^havior of cf*rtaiii halogcai coinpoiUKls of lh(' 
camphor series oii 1h(' basis of this hv])oilH'sis. lii iht' pix'sc nc(' of dis- 
sociating solvents (cold alcoholic hydrochloric acid, camj)liene 

hydrochloride rearranges to give iso]K)rnyl chlorid(\ It is known that 
thes(i compounds have propertk'S whi(*li are in many resp(‘c1s similar to 
the triarylmethyl halidc^s. Tor instance, ihvy yii‘Id <‘th(‘rs on trc‘atment 
with alcohols. Wlum shaken wiih watca*, campluan' hydrochloride* giv(*s 
campheau* hydrate. Tlu'se facts strongly suggest lhat in solution the 
hydrochloride* is ioniz(‘d. The change* of this compouud into isoboi’nyl 
chloride is reprevS(*uted by Alee'rweiu and ^\’ortmaml as follows: 



( 'uiiiphenc UydroOilfiiicie 

Cl 

1 
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A similar mechanism is used to explain the conversion of a-camphor 
dichloride into /3-cami)hor dichloride. 



/3-Caniphoi dicliloride 


This rearrangement takes place easiljf undcT (jonditions similar to those: 
used in the conve'rsion of camphcne hydrochloride into isobornyl (thlo- 
ride. It is significant that in phenol solution the change is rapid, lent 
that it is slow in solvents of low dielectric constant, unless stannic chloride 
is present. A very slow change* takes place* in ligroin seelution. It is 
more rapid in benzene, and still more: rapiel in ionizing seelve'nts such as 
nitrobenzene. 

The relationships which exist betweeen fenchyl alcefiiol, isofenchyl 
alcohol, a-fenchene hydrate, and /S-fenchene hydrate are alse) explaineed 
on the basis of this hypothe:sis. Other reairangcments in the camphor 
series are discussed. 

From what has bee*n written it can be seen that Me*erwein and Wort- 
mann give an interpretation to these rearrangements in the camphor 

Meerwein and Wortmann foriniilated /3-cami)hor dicldoride as 2,6-dichlor()(’am'- 
phane. The experinicnts of Lipp and Laiisburg [Ann,, 436 , 274 (1924)] indicate that it 
is 2,10-dichlorocamphaiie. 
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series which is similar to their explanation of the dehydration of lert.- 
alkylcarbinols. On the basis of their proposed mechanism these halides 
arc* considerc'd to be estc'rs of hydrochloric acid. In discu.ssing the re- 
lationships which exist, between a- and d-eamphor dichlorides they point 
out that the.se halides bear a rehitionship to c'ach other similar to that 
which formally exists betwc'en the dichloridc's of i)inacol and pinacolonc*. 
They show this analogy in tlie following manner: 

ClIs ('TT.1 


C 



cni, (’< 


CTl.r C-^C'Hs 


(’1 

Cl 



ClI 


a-Cainplioi dichlcu tde 


/ 

C1I3 


V 




t’l 

'('1 


cn . 


oils 

Pinat’oloiie dicliloiide 


Howc'ver, in studying the* properlk's of pinacolonc* dic*hlorid(* tlic'y 
found that tliis substance cannot, be* (.*onvc*rtc*d into the corrc'sponding 
dichloriclc* of pinaciol. Neithc'r c*an the* change be brought about in the* 
rc*vc*rsc* clifc*ction. This fac*t is signific:ant since in these compounds thc^ 
tc*ndcnc:y to ionize is not prejsent. As Ingold®' has pointc*d out, it is 
“an indic*at.ion that sp(*c*,ial structural conditions are nc‘cc*ssary for rc- 
arrangemc'nt by the* ionic meclianism.” It also strongly suggc'sts that 
such a concept should not. be* unrc*strictc*d in its application but. should 
be usc*d only whc*u it is known bc*forehand by some othcT method that 
ions are prc*sc*nt. 

It is now our purpose* to con.side*r a few such cases. The diazoamino 
re^arrange*me*nt will serve* as our first c'xample. 

Cellj -NII -N=N-Cr,]r6 p-NHo-CsU^ -N^NCcHs 

It is to be recalled that this re*arrang(*m(*nt is best carrie*d out. in aniline* 
in the prese*nce of aniline hydrochloride*; that is, it is catalyzed by the 
anilinium ion. It is also to be note'd that the rcactiejn is not intramo- 
Ic'cular. Expe*riinent,al evidence shows tlnet the process involve*s pre- 
dissociation followed by a recombination. The re*sulta of Roseuhaver 

Ingold, Ann. Rrpis. Chenu Snc. {London^, 21 , 90 (1924). 
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and Un^ei- and of Kidd Ix'ai* out this st-a(('meiit, for the rearran^c- 
ni('nt of (JH3 — (\)H4 — NIL -N==N— C0H4CH3 in the presence of ani- 
liiu* and of its hydro(*lil()rid(' yields as llu^ main product, not the com- 
jxnind ('xjK‘(*ted, but NlKt Vi r- dijj instead. The follow- 
ing nuM*hanism has, lh(‘refor(‘, bec'n ])roposed: 

CIKC^elbiNll— X--N(Vl 4 (dK + C 6 n 5 Nl[ 3 +-^ 

H II 

i i 

( M 1 3( ^cl 1 4X- N=x— Cdl 4CT 1 3 
CH 3 CVI 4 XTI 2 + CdlaCeHi -N=X ^ I 



4- 

n 

i 

C'Jir,Nin < - 

( ' 1 1 ,( 'gI I .,N -N==N ( '« II .iCH 3 

4^ 

11 


Cll 3 (\dli -X-'-XroIl 4 XJb> 

This ni(‘(*lKinisrn also sugg(‘sts tli(‘ r(‘ason for tlu^ low yit^ld when the 
r(‘nclion is carri(Ml out in tla^ ])n\s(‘ne(^ of wat(‘r. Th(‘ rate' of formation 
of the y)h(‘nol from 1h(' diazonium ion com(‘s into consi(l(‘rat ion, and 
sinc(' this rab' is coin})aral)le lo tliat of lh(‘ J‘at(^ of cnui)ling th(‘ yii'ld of 
th(‘ d(‘sir(‘d j)i*oduct is grc'atly diininish(‘d. 

Ions an‘ also jH’obably involved in the rearrang(‘m(ait of N-haloacyl- 
anilid(‘s 

X O II O 

I 

(VdToX- -CHa X- (/oIFiX- C^-Cdla 

for it is known that in th(‘ cas{* of X-chloroa(‘(‘taniIid(‘s th(' r(‘action is 
catalyzed in aqueous solutions ])y hydrochloric acid. There' is also evi- 
dence which shows that in such solutions th(‘ sjxx'd of tlu' rc'aedion d('- 
pends on tlu' activity of tin' hydrochlorit* acid present-. Furtlu'r inter- 
esting facts hav(' Ixx'n r('])ort.('d l)y Olson and his co-workers. Tliest' 
investigators have' studif'd the* r(‘ae*tion iii tlie pr(‘se‘nc(' of radioactive' 
chloride ie)us, and they r('f)o]‘t that the* raelie)act ive* hale)ge*n e'lite'rs inte) 
the me)lecule^ fasten* than the rate* e)f re‘arrange‘me'nt 1-ake's })lae*-e‘. Te) 
some this has sugge'sted the fedlejwing fe)rmulatie)n. 

Rosenhavor and Urif^or, B(r., 61 , ^92 (192Sj. 

Kidd, J. Org, Chem., 2 , 19S (1937;. 

Olson, Halford, and lI«>riK'l, ,/. Am. Chem. Bnc., 59 , 1613 (1937) Olson and ITornel 
J . Org. ('iivm., 3 , 7<) (193.S) : so(* thi.s articlo f(ir other refererieos. 


+ C0II5XII, 
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.Cl /'V' 

(^6lUN<^ ^O + 0113+ + (’i- CcllsN- C- CII3 + lIoO 4- CI2 

^CIl3 

/V" 

CcH,- N--C-— CJI 3 + Ch C1CVI4N- -C- -Clh + HCl 

This is liardly tho aoniploh* ])iclur(' for 11](' process, iiowc'vor, since in 
all reactions of this ty]:)e the yit'lds are never ^ood and many by-products 
are produced. Finally, it nun' l)e addend that in the case of the corre- 
sponding!: ]\'-lu'omoac(‘taiiili(I(‘ l)roinine cannot ))(‘ an intcaanediah^ be- 
(‘ause Bell has shown that th(‘ rat(‘ of naiclion of bromine on acetani- 
lid(‘ is such as not I 0 allow this formulation. 

NeithcT can nu'chanisms of this lyp(‘ be us('d to ex])lain the benzidine 
r('arran<!:(anent. 

Con:.NlIX!I(\lU -> NIb>(V>ni -CVJTiXFIo 

Although th(‘ r(‘a(‘tion is (‘atalyz^^d l)y acids ttuav is p;o()d c^vidcaica^ that, 
in such cas(‘s llw r(‘ai'i’an^’(anent is intramol(‘cular and that dissociation 
into ions do('s not tako pla(*(‘. Tliis ('vi(l(‘nc(' will 1 h‘ given lat(*r wdnai 
th(‘ (‘l(a*t.ronic conc(‘j)t. is dis(*ussed. 

The r('arrang(‘ni<‘nt of N-alkylanilinium salts to alkylanilin(‘s maj^ 
now b(' considered 

Tl 

Sn XITo 


This r(\arrangenient whicli was first discussed b}" ITofmann has been 
very ext(Misively stu<!i('d and many tlu'ories concerning its nuadianism 
hav(^ l)(‘eii ach a-nced.^’*’ At tliis tim(\ how'ever, only two points of view 
11(0(1 to l)i‘ c()nsid(‘r(‘d. 

]\Ii(!ia(‘l has stall'd that, the most ])lausi[>l(* (a)urs(' of tliis reaction 
is a dissociation of the salts into aniline and the alkyl halidi'. The 
halide th('.n ri'acts witli the hydrogen atom of tlu^ aromatic nucleus. 

./, (7/cm. Ncc., 1151 (load). 

Benz, Bcr., 15 , l(‘>4(i ilSS2); NoItiiiK and Baumiinn, Her., 18 , 1150 (1SS5) ; Nulting 
and Ford, Her., 18 , 1?()S1 (1SS5); I.iinpadi, />cr., 21 , 040 (1SS8); Hodgkin and Lirnpach. 
J. Chtmi. Sue., 61 , 420 (1S92); Rnlly and llickinlMittoni, ibid., 117 , 103 (1920). 

<57 Micbad. ./. Am. Chem. Soc., 42 , 787 (1920). 
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HickinboUoru and co-workers havo. iestc'd this lln'ory (ixpc'rirmai- 
tally and have concluded that dissociation does not lake place in this 
manner. In a study of the j‘eai‘rang(‘nu'nt of isoamylaniliiui hydro- 
bromide tiny have shown that, on healing, an is()m(‘]’izaUon of tlic 
group tak(is place, and that 2>-amino-/r//.-amyl))cuizene is obtain(‘d. 
Some trimethylethylem^ is also fornu'd. They also in\^(^stigated the 
action of this hydrocar])on on anilin(‘ hydrobromkh', finding that, 
^^under conditions strictly comparable with those requinnl for tlui rc'- 
arrangement of isoaniylaniline hydrobromide, tlie product was /^-amino 
.-amy Ibe] i ziuie . 



Thus, they have concliKh'd that th(' foiination of th(' nuclear sul)stitut(‘(l 
aiiiliiK^ is du(^ to th(^ int(n*in(‘(liate formation of triin(‘thyl(‘thylen(' since 
each phase of this mechanism has b(‘en realized exp('rimentally. This 
conclusion may be qiu'stioiu'd. 

Difficulties an^ encountc'nxl in explaining cialain othcT r(\sults ob- 
tained by liickinbottom.^’^ If th(^ above nxiction is carric'd out in lli(^ 
presence of certain metallic halidc^s p-aminoisoainylbenz(MU^ is produccal. 
Here the formation of an internuHliat(‘ trinu‘thyl(‘thyl(‘n(^ (‘annot b<‘ 
used to explain the results, for this ohffin reacts with aniliiK^ i‘ith(a* in th(' 
presence or absejice of metallic halid(‘s to give the isonna-ic /c//.-ainyl 
compound. A similar fact is also obsei*v(‘d with isolaitylaniliru'.^’*'^ Th(‘ 
product of rearraiigiaruait in the p]-(‘S(aice of hydrogem chloride^, or bro- 

Hifkinbottom, .7. Chem. *Soc., 64, (1927) ; Hiokinbottom and Waine, ihid.^ 155S (lOaO) ; 
Hickiii bottom and Preston, i/n//., 1566 (19^0) ; Iliekudx^ttom, ibid., 2396 (1932) ; 946, 1070 
(1933) ; 319 (1934) ; Nature, 131 , 762 (1933). 
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mido is quite distinct from that wliich is formed when the rearran^('- 

inent of the free amine is brought about by dry metallic salts. In the 

former case y;-amino-/cT/.-])iitylbenzene is formed ; 

benzene is i)roduc(xl in the latt-ca' reaction. Therefore, (‘ither this nn^ch- 

anisni must be abandoiK^l, or (‘Ise it must l)e assuiiKHl with ITickinbot tom 

that tlie reaction in the pr(\seiice of metallic salts hdlows a dilferent 

course. 

There are doubts about the latter view, and ii has been criticized 
by Bennett and ('hapman.^'^*^ Tliese writei's belic^ve that a simpler ex- 
planation li(^s in MicJiael’s inUapi'etatioii of such reai'rangements, and 
that both typ(‘S of lUXHlucts are formed from the same intermediate 
compounds. AVluai heat.cxl alone the h\^drobromide is assumed to dis- 
sociate rapidly to produce* a lar^e proportion of alkyl bromide which 
isomerizes in the va})or ])lias(* to the /cr/. -bromide. This compound then 
combin(*s with aniline*. Wh(*n the* re'actiem is (tarried out in the* pr(*sen(*e 
of m(*tallic halides the* rate* e)f fe)nnation e)f the alkyl bremiide is so much 
slower tliat substitution in the nucle*us e)C(airs ])e*fore isomeTizatie)n. It 
should be ne)t(‘d, liowe*ve‘r, that this explanation has its W(*akn('ss in 
that as ye*1 it lacks e*x})(‘riniental verification. In fact, (^xpe*rini(*nts ])y 
Hie;kin])ottom and Waine indi(‘ato that it is impossible to reconcile 
it with the* facts. 

More ]‘(‘cenily llickinbottom has takc'ii the pe^sition that the most 
prehable course* e)f tlie r(*action is thre)U.c;h an interme*diat(*. which postu- 
lat(‘s the formation e)f a carbe)nium ion of the*, migrating alk}^ group. 
On tliis hypotlu*sis the* behavior of e*thylaniline* liydrehromide is r(*pre- 
se'uted by the following sehe'ine*: 



The re*arrangeme*nt of alkyl phenyl ethers is of (*special inter(*st from 
this point. e)f view. Since this reaction is catalyzed by acids it is again 

Bonneit find Chjii)nuiii, Ann. Re pis. Chcni. Soc. {London) y 27 , 124 (19;>0). 
Ilickinl>(>ttoiii, J . Chan. Soc.y 1700 (1934). 
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tc'mpiing to assume a meehanisni iiivolvinjz; the carbonium ion of the 
migrating alkyl group as th(' int(Tmediat(\ Indeed we can find evidence 
in the literature which gives cr(‘denc(' 1o Ihis b('li(‘f. Short and vStewart 
have found evidence which show^s that this reaiTang('nient is not intra- 
molecular, at l(‘ast in some cases, foi‘ wluai (dhyl pluaiyl elluT rearrang(\s 
in anisole as a solvent /x‘th 3 danisole is formed, ^^1len a longer alkyl 
group is us(h 1 rearrangianents within lh(^ group itself oc(;ur. Tli(\se are 
typical reactions of a carl)onium ion. Sowa, Hinton, and Nieuwland 
also have submitted facTs which are bfist ex])la-in(‘d on the assumption 
that the changes involves at least tAvo mol(H‘ul(‘s of th(^ ether. Niederl 
and Natcilson,’^*'* howev(a*, are opposc^l to th(‘ id(‘a that such r(\‘irrange- 
ments are int-ermokuadar. The^^ also r(‘j(H‘t for tlu' most part the vuwvs 
of Van Al]>hen,’^^ Claisen,'^'^ and Hurd and Coluai.'"’ According to them 
the most plausi])le exi)lanation is a rcaiction iiu'clianism which is uni- 
mokicular in its nature, and wdiich is l)ased ui)()n tlu; considerations of 
Lapworth and of Latimer.'^ It should bc‘ i^ointx^d out that valid 


,>Cn— CTI 

Ro-ct; (,n 

CTI— 

^Clh 


cn—vu R 

oc ' c 

Htt— ^ II 
^CIT, 


ni-- ni 

HO— c: " a:-r 

Xtt- (\ 


o])jections (*an b(‘ rais('d against Niederl’s ])ro])osed ni(M‘hanism. Tor 
example, the intca-pn^tation gives one no (‘xplanation of IIk', presence 
of unsaturat(‘d hydrocarl)ons and of imsubstitutcal (T(\so1s or oth(‘r 
phenols w'hich ai‘e g(aierall3" formed in n^arrangcanents of this tvpe. 
Nc'ither does it ac.count for the fact that often in r(‘arrang(an(aits of 
alkyl pheno l (dlna-s the alk^d radical isonuaizes to another grou]) during 
the reaction process. It cannot be us(‘d to (explain the experimental 
results ol)tain(Hl by Cox in his investigations of th(‘ ck)S(‘ly allical Frievs 
^h*earrangemenF’ of phenolic^ (‘sters. Uviv. it is cpiitc; ccalain that when 
these esters are acted upon l)}^ such rcaigents a.s aiuminum chloiide or 
zinc chloride a scission of tlu^ mokauile takes ])lac(', and acid ciik)ri(k\s 
arc formed as intermediates whi(*h then naict with the pluaiol to pro- 

Short and Stewart, Chrm. Soc., 553 (11)29). 

Sowa, Iliiitoii, and Nieuwland, J, Ain, ihvni. Snc.^ 54, 2019, 2>(»94 (19112); 55, 3402 
(1933). 

Van Alplien, Rcc. trnv. chini,^ 46, 799 (1927); Niodi'rl and Natelson, J. Am. (hem. 
Soc., 54, 10()3 (1932) ; Niederl and Storcli, ihid.y 55, 2S4 (1933) ; Smith, 'ilnd., 55, S49 ( 1933). 

Claisen and Kisleb, Ann., 401, 21 (1913) ; ( daisen, ibtd., 418, 09 (1919) ; Cdaisen and 
Tietze, Her., 58, 275 (1925) ; 59, 2341 (1920). 

76 Hurd and Cohen, J. Am. Chem. Soc., 53, 1917 (1931). 

76 Lapworth, J. Chem. Soc., 73, 445 (1S98). 

77 T.<atimcr, J, Am. (Jhem. Soc., 51, 3185 (1929). 

78 Fries and co-workers, Ber., 41, 4270 (1908) ; 43, 214 (1910) ; 54, 717 (1921) ; 56, 1305 
(1923) ; Auw^ers, Ann., 421, 30 (1920) ; Cox, J. Am. Chem. Soc., 52, 352 (1930) ; Skraup and 
Poller, Rer., 67, 2033 (1924) ; Skraup and co-workers, Ber., 60, 942, 1070 (1927). 



MOLECUIAR REARRANGEMENTS 


999 


(luce kotoiios, for, in the prosoneo of an inert solvcnit, sn(*li as diphenyl 
ether, acyl derivatives of di})h(aiyl (d.her ari^ formiHi. Thus, the evidc'nee 
supports the hy):>othesis of Skraup and Poller and indieaU^s that tJie 
K'action i)roeess is not in reality a true rearrangement but is inter- 
molecular in its nature. 

In this connection some experimental results of Wallis and his co- 
workers aie of int(‘r(\st<. Tluy have studi('d the natiue of tlie i)rodiu‘ts 
fornuHl in the Glaisen rearrangement of certain optically active (dhers. 
Although with d- and /-.s-cc.-butyl 7 ;/-cr(‘syl and r/- and /-.scr.-butyl /xarisyl 
(itliers they found that the substitute'd ])h(‘nols obtaiiu'd ])y rearrange- 
nuait were oj)tically active^ they did ol)S(‘rv(' that the' rearrangement 
was ac(*orni)a.ni('d by ])artial ra(*emization. Pui 1 h('rniore, when ex])eri- 
ments we're d('vis(‘d t,o de'tc'rmine' whethcT an alkyl radical containing 
an asymme'tric carbon atom is actually able' as a caihemium ion to ente'r 
a fore'ign nucle'us without resultant loss of o[)ticrtl ae*livity, the re'sults 
o])taiiK‘el showc'd that, this was not ])e)ssibl('. In tiu'ir e'xperiments on 
the })e)int. in ejue'stion they prepared d- and l-src.Aniiyl me'sityl ethe'rs 
and stiulic'd the natures oi the proelucts forineel wlu'ii the reaeTion was 
(‘anted out in the^ pivse'iice of y>-cr('SoL 


. CTI:, 


()- CII 


CUa 


OH 

ui lliSt >4 

(nia 



OH /CII 3 
^ -CH 

CHa 


The 4-nieMliyl-2-.sYr.-butyl])hcnol, howe‘V('r, in both cases, was comple't('ly 
inactive*. It cun be eh'tinite'ly concluded, the're'fore*, that an intermolecu- 
lar carboniuni-ion mechanism (.cannot b(‘ use'd to e'xplain the nde'ntion 
of o[)ti(*.al activity in the (‘xperinK'iits ejn d- and /-,srr. -butyl ///-cre'syl and 
p-cresyl e'the'rs. At. legist, part of the rearrangeme'iit prenlucts are formed 
by an intramoU'cular j)roe*(‘Ss in whieh no (uir))oniun\ ions occur. In 
this latter case an e'le’ctronic mechanism is the more probable. A similar 
r(‘sult has becai re})ort.('d in studies on the rearrangement of sulfini (3 


esters. 


CclU II 



C O 

/ \ r 


CII 3 0 - 8 - (MTy 


Ccll5 It 

\ / 
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-> CHs S 
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O ^71X7 


Sprung and Wallis, J. Am, Chmi, Soc,, 56, 1715 (1924) ; Gilbert and Wkxllis, J. Org, 
(^hrm„ 5, 1S4 (1940). 

Koiiyon and Phillips, .7, ('hem. Nor., 1070 (lOaO) ; Argus, Balfe, and Kenyon, 

485 (1938). 
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The optically active sultinate yields larp;ely the completely racemized 
sulfoue. In the small amount of the optically active sulfone so produced 
the configuration on the asymmetric carbon atom seems to be main- 
tained. If this rearrangeuK'iit involved carbonium ions this would not 
have b('en ex])ect(‘d. H('re again at least part of the product formed is 
produced by an intramoh'cular electronic chang(>. Such changes will 
be more fully discussed later. 

Th(5 ionic concept is also of interest wlnm api)lied to explain the 
mechanism of tlu^ Wagner rc'arrangement which tak('s place wh('n c(t- 
tain reactions are carried out on /.crt.-alkylearbinols. Wallis and Bow- 
man have studied the nature of the products fonru'd when the hydroxyl 


group in an optically active' alcohol of the typt> 


R 


CJI 2 OII is sub- 




R 2 


stituted by chlorine. It has been found that, wlu'n tlu^ compound 
2-methyl-2-phenylbutanol-l is treate'd with thionyl (chloride-, the re- 
arrangeaneut takes place with a migration of the', {jlu'uvl group. A t(u- 

tiary chloride; 2-chlore)-2-methyl-l-phenylbutane, — (nT-.Cf,Il6 

(^TT./ 1 

('1 


anel an unsaturate-el hydrocarbeeii, 2-methyl-l-])he'nvlbufe‘ne'-], 
CHav 

yC=CllC 6 n 5 , are forrae'd. It has also be'e'ii e)bse'rve'el that, the* 
C2Hb/ 

tertiary chleuide* as fmiiu'el, though large'ly rae*e’mic, ])e)sse'sses se)me e)])- 
tical activity. Since; it is known that the* first pie>elue*t eif the reaction 

of an alcf)he)l and thiemyl chle)ride is a e*om])oun(l e)f (he* type, H -OS — C'l, 
it is probable that the portion eef the* e*hle)riele' which has maintaine*e] an 
asymme*tric ceenfiguratiem agtiin has be*e*n for]n(*d threeugh a rearrange*- 
inent which is inte;rnal anel ce)nse*eiue*ntly e'le'cf reeiiic in its nature. 

lemic hypothe'ses have* be'e'ii use'el to e*xpkiin othe'r tyi)e's of re*arrange'- 
me'nts. The rearrange'me*nt e)f be'iizil to benzilie; acid may be; e;onside*reel. 


0 O Oil 

CelloC— C -('cHb + IhO (Colh),C-C()()H 


Recent work })y \V(^sth(uin('r on this (•.hanp:(^ shows that this rea(i- 
tion is catalyzed })y hydroxides ion with no in(‘asuial)l(i calalysis by 
other basic ions such as thcj ])h(‘n()late ion or e-clilor()i)h(iri()late ion 

Wallis and Bowman, J. Am. Chrrn. Sue., 66, 491 (1934) 

Westheiiner, ibid., 68, 2209 (1930). 
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Furthermore, Robcrt.s and Urey ® iu their studies on oxygen exchange 
report that tlie i-ean-angement is slower than the; oxygen ('xchange which 
is likewise calalyz(id by bas(!s. To exj)lain those n'sulls the n'aetion 
has been formulated l)y a shift of a phenyl group with its electron jjair 
with subsequent addition of a ])roton to yield Ixaizilic acid. 


0 0 

^ [OII'I 

C’eUfiC' C--C’rdb - -V 


on 0 

\ /- 

C -Cclb 


O- 


CcTls ■ 
OII-C:C:C'olIi. 

II. O- 

0-y.' 


on 

[11 u / 

- --> (C6n6).,c— coon 


We shall see later, howi'ver, that, the migration of the jihenyl group with 
its electron pair does not t.ak<‘ ])lac(' as a negative ion. The shift of tlie 
gronji takes [ilace in such a manner that again we should view the re- 
arrangcunmit. as being that of an electronic change. 

The. rearrangc'ment of the butadiene dibromidi's is of interest from 
the viewpoint, of an ionic mechanism. 


cur -CH -cn=cii 2 (*11,— cn=cn -CIU 

II ! I 

br br br br 

The rearrangement, takes place* rajiidly at, 100°, and it constitutes one of 
the main controv’ersial points in the set,tl(‘ment of the* (pK'stion of addi- 
tion of halogens to conjugated systems of double bonds (p. 6G9). Ac- 
cording to Ingold®*’ *** this change can be exjilained best on the basis 
of an ionic nu'chanism. lie assumes that during the initial addition 
])roc(\ss ions are feirmed, and that, “since* the se'conel bromine ateim is 
liberated (as aniem) only eluring the addition eif the first, the initial 
preieluct of addition . . . consists eif the* iems of the* 1,2-dibromide.” 

(TT.— Cll— CH=CIl2 

I ■ 1 

Br 

What happens afte*r this initial stage of the reaedion process depends on 
the* exmditions eif the* ex))erime*nt. In a non-ionizing medium associatiem 
take*s jilace; anel a 1,2-adelition compouml is formeel. Under these con- 
ditions the productiem of any l,4-ailelitie)n proeluct, results fremi a re- 

Roberts and Ibvy, ibid., 60, SSO (1‘KiS). 

^Mn/rold, Ann. Rept.'^. ('hnn.Ror. {London), 25, 124-134 (102eS); Burton and Ingold, 
./. (7/cm. Soc., 904 (192S); Ingold and SliopP<‘<7 1199 (1929); Ingold and Smith 

ibid., 2752 (1931); Burton and Ingold, ibid., 2022 (1929). 
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arrangement of the 1,2-dibromide. In tliis respect IngokTs ideas are in 
agreement with the suggestions of Gilk't/**’ who beli(^v(is that 1,4-addi- 
tion is in reality pn^ceded by 1,2-addition and rearrang(Mn(mt. Ingold 
believ(\s that in an ionizing nu'diiim a distribution of the charge takes 
place and therefore ^^iii a gcauTal case a mixtun^ of bromides results, 
the composition of which will depend on the attaclu'd groups/^ 

In sup])ort of th(\s(i ideas Ingold and Smith point out that iodine 
chloride adds to butadicaie to give a mixture of 


Cllol— C11=CH— CHoCl and Cn.I- CTTCn— CTT^CH. 

They ai-gue that this indicat(\s ^^an initial eut]*ance of iodines at the 
a-carbon atom,’’ and theixTore conforms with tli(‘ idt^as outlined in the 
prc'ceding i)aragra.i)li. it is of interest to note', however, that the c^x- 
perimentnl r(\sults of Muskat and Northnip on tlu^ chlorination of 
butadiene cannot b(^ explaimxl so (‘asily. They carried out the chlork 
nation in non-ionizing solvents, and in each case considiTablc' amounts 
of the 1,4-di chloride w(a’(‘ formed. They also obs(a’V(Hl that tlu'sc' two 
chlorides do not rearrange into one another, as do th(‘ dibromidc^s. 
These facts make it evidcait that tlu* formal ion of 1,4-butadiene di(4ilo- 
ride in a non-ionizing solv('nt cannot b(' (‘xi)lain(‘(l by lh(‘ int(Tpr(‘tation 
advanced by Ingold. Tiny seem, on th(‘ otluT hand, to confirm the 
ideas of those who beli(‘ve that in halogc'ii addition to butadiene* th(‘re 
is a simultan(‘ous formation of 1,2- and l,4-(lihalid(‘S, and that tlu* nia- 
tive proportions of the* twe) ceanpounels forme*el in any ena* e'xpcTime'nt 
depe*nd upe)n the ce)ndilie)ns (tempeTature, se)lvent, pr(*senee e)r abse*n(*,e* 
of pcTOxiele's, (4c.).^'^ 

The addition e)f liyelrogem chle)ride to vinvlace'tyle*ne* is alse) e)f inter- 
(*st from this point of vienv. C’arotlK*rs and J3e‘relie*t, have* shown that 
the first pre)duct e)f the reaction is 4-e*hle)re)butaelie*ne‘-l,2. This ce)ni- 
penind is sufficiently sta))le to be* ce)nv(*rt(*el into its c*-arbine)l. Howe_*ver, 
in the presence of cuprous chle)riele anel hydrochle)i*ic aciel it re*adily 
rearrang(*s into 2-chlore)butadiene-l,3. "J'he'ir exj)e*rim(-*nts show that 
the reactions take place in the fedlowing orde*r. 

ClfeC— > (^n,=C=C’IT— CTTaCl 

1 , ioii 


I 


n earniii Kt'iiKai t 

> CTT; 


11 

:(Xri)— cii=cit2 

in 


The reaction product of phenylmagnesium broniiele on (11) reacts with 
wat(*r to give a derivative of (HI), 2-plienylbut-adiene-l,3. The iso- 

8&Gillet, Bull. soc. chiru. Brig., 31 , 806 (1922). 

Muskat and Northnip, J. Am. Chrm. Soc., 52 , 4043 (1930). 

Kharasoh and co-workers, ibid., 65 , 24e)8, 2521, 2531 (1933); 66 , 244, 712, 1212 
1243. 1042, 1782 (1934) ; 67 , 2403 (1935) ; 68 , 57 (1930) ; J. Org. Chem., 1 , 393 (1930). 
Carothers and Berchet, ,/. Am. Chem. Soc., 55, 2807 (1933). 
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meric chloride (Til) does not react with the Grignard reagent. These 
investigators beli(‘V(' tluit these and other results which tlK\v have re- 
ported show that a,7-rearrang(‘meiits of this type cannot, procc^ed by 
any mechanism involving fn^e ions. The reactions an' intramolecular 
in their nature. Th('y jmefer to consid(‘r tlu'se changes as being brought 
about by a mechanism which assumes the formation of an additive 
complex. C'ludation and op('ning of tlu^ ring result in th(^ abnormal 
products which th('y obtain. 

]>- CIl— (TI 


T 

X 

j\r 



X 


Johnson ex])lains tli(' abnormal n^actions of benzylmagiu'sium 
chloride on the basis of a similar mechanism. Tor ('xamph', acetyl 
chloride n'acts with b(‘nzylmagnesium ciilorid(‘ to give e-tolyl methyl 
k(‘tone. Almost nom' of the “normal” product, benzyl nu'thyl ketone, 
is produced. JJiis fact is ('xplained on IIh' assumption that an additive^ 
complex of the following typ(‘ is foriiKal. A shift of ekadrons then tak('s 
place followed by an “intramok'cular claJation.” Opiming of this che- 
late ring proiluc(‘S th(‘ n'arrangenu'nt product. 
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MgC + 2(C.2ll5)2(] 
^Cl 


* The carbon marked by an afllcrksk hae a sextet of cleetrona. 


.Johnson, ibid., 55, 3029 (1033); Austin and J.dinson. dml., 54, (147 (1932). 
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Other examples are known and could be discussed, such as the allylic 
rearrangements which have been studied by Prevost, but the illustra- 
tions which have been given are sufficient to show the applicability of 
this concept lo rearrangement pro(;esses. Often it/ appears that t.h(*se 
changes which at first might seem oxjdicable on Hu*, basis of predissocia- 
tion are in nxility purely intramolecular in llK'ir nature, and that the 
electronic displacemc'nts and shifts which produce th(\se reactions take 
place within the molecule itself. Tn such rearrangcanents an electronic 
mechanism is to be prefcared. 

THE ELECTRONIC CONCEPT AS AN EXPLANATION OF 
INTRAMOLECULAR REARRANGEMENTS 

In the preceding sections of this chapter thoj^(‘ iriten)retations hav(‘. 
been discussed which in oiic' form or another have explaiiu'd rearrang(‘- 
ment processes on the l>asis of pn'dissociation (ather into radicals or 
ions. It has been shown in many instances that \hr application of this 
concei)t is very limitcal and that for many r(‘aJ*rang(aii(‘nts th(' (\\i)Lana- 
tions are wholly inadcMpiate. The failuri' of th(‘S(* intcapretations as 
explanations of the mechanism of mol(‘cular nxirrangaaiaaits is dm' to 
the fact that those inv(‘stigators who proposi'd tlaan did not. rc'alize 
that such reactions oftc'ii an' depemh'nt on ])rop(a*ti('s inlu'n'iit in the 
molecules themselvc'S, and for that reason cannot. tak(' ])lac(' in a stc'j)- 
l^y-stej) fashion, but must b(' continuous ])roc('ss('s which involves simpk' 
displacements or transh'naice of ek'ctrons from one atom to anoth(‘r 
within th(' molecule. 

In a brilliant papc'r entitled ^kVpplications of the Kl('clronic Conci^p- 
tion of Valence,” Joiu's first examiiu'd inti-amole(*ular n^arrangeirn'iiis 
from this point of view. In a discussion of n'actions which ari' known 
to take place among cc'rtain classes of compounds containing nitrogc'n 
his considerations led him to put forward tlu' fundanu'iital g('neraliza- 
tion that ‘^a carbon atom wlu'ii liiik(*d dirc'clly to a nitrogen atom do(*s 
not readily take from it nc'gative (‘k'ctrons, or in other words is not 
readily reduc('d by it,” but rathcT ^hh('. tc'iidc'ncy of tli(' systcan is to 
pass to one in which tlic' carbon atom is as fully oxidizc'd as ])ossil)l(' and 
the nitrogen atom as fully r(‘duced as possible'.” The' redationships 
which exist between th(‘ amines, aldimides, nitriles, nitrik'. oxides, isoni- 
troparaffins, and hydroxamic acids, and also the aldoxim(‘S, amid(‘S, 
isocyanates, and the carbarnic acids are (‘xplaiiu'd on this basis. In 
applying this principle to intramolecular n'acningeme'iits of the' Cur- 
tius, Hofmann, Lossen, and Beckmann types, Joru'S arrivc^J at the com 

Jones, Am. Chern. J., 50, 414 (1913). 
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elusion lliat these rearranp;en\etils are not essentially different in mecha- 
nism. In the conclusion of his ar<j!;um(‘nt he stales, “In my opinion . . . 
[these rearrangianents] all have in (*oinmon, intramolecular oxidation 
and rc'duction, or an ('xclian^n of negative electrons between the carbon 
atom and th(‘ iutrop;(‘n atom. In fact, if all of the reactions classed as 
examples of th(‘ Bca'kmann r(‘arrangement (including the Hofmann and 
Ciudius reactions) are ins[)('ct(‘d it will be ol)serv('d that in every case 
the rearrangement ns aceomj)a)iie(l by a jmxrss of iniramolccidar oxidation 
and redudniti. It secans v(*ry probabl(‘ that, this t-endency . . . may be 
the real dc'termininp; factor in the Beckmann rearrangement, and that 
tlie formation of univalent nitrogcai, proposed by Stic'glitz as the im- 
mediate' cause', may be^ a me're' ineaeh'nt, necessary, to be sure^, te) pave 
the way fe)r the e’hange. . . . Stie'glitz claims that the re'arrangcment 
is in(lue*e'd by tlu' pol.e'ney of the fre'e valene'es of univalent nitrogen. 
The' ])r('sent mode' of viewing the re'arrangement wemlel speak rathe'r e)f 
tlie pote'ncy of the' e*arbon atenn to le)se' ne'gative e'lectrenis, and of the 
iiitroge*n atom to acejuire' tlu'in, and wejuld look upon the free vale'nces 
e)f univale'iit, nitroge'ii as the stage'-sc'tting re'e^uired to furnish a suitable 
e'nviremnie'nt in wliich the (‘sseiitial actiem ma}^ take place. 

Ksse'utially the' same' idi'tes liave bee'ii e'X[)resse'el inele?pendently by 
Stie'gli(z.‘‘'” Kohinson and Inge)ld alse) have; l)e'lie've'd fe)r a lemg 

time' that inti'amole'cular re'arrangeanents invedve a transfereau'c e)f e'le'C- 
tre)ns within the; tnole'eaile and e'emse'eiuently are best explained on the 
ba.sis e)f an e‘1e'e*tronic ine'e*hanism, 

l\lth the'se' iele'as in niinel \Vhitme)re has proposed that a more 
ge'iieral applie'aliem e)f this c.once'pt should be maele, anel that tlie mecha- 
nism of the' migratie)!! of groups in all intramole;cular re'arrangeme'iits be 
])lae*e‘d em a ce)mme)n ])asis anel be* e'xplained e)n the suppositie)n of a trans- 
fe'renc.e e)f e'lectre)ns witliin the' mole'cule'. Ace;e)reling to him the struc- 
ture's e)f e)]*ganic nie)le'cul('S whie*h unde'rgo intrame)le'cular rearrangements 
can ])e re'presenteel e'le'cl renhcally by one of the f(>lle)wing general for- 
mulas: 

•••#•• ••• •••• 

0) (2) 

in which X is a strously oh'ctrnnogativo atom, and A, B, and D are 
atoms which an' neither strongly eh'ctronegativo nor electropositive. 
System 1 contains those' molecuh's which undergo rearrangements of 
the Bi'ckmann, Curtins, Hofmann, and Lossc'ii types. Other rearrange- 
iiK'uts such as the piuacol and allic'd rearrangements arc also included 

51 Ami. lii ptH. Clww. Sor. (London'). 20 (192:0; 21 (1924). 

52 Whitmore, J. .Im. Clu ui. Hoc., 64, 3274 (19;J2). 
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in this system. The allylic rearrangements take place in molecules 
which b('long to systc^m 2. 

When moU'cuU's of (uth(T of these two types enter into chemical 
reaction in such a manner as to remove the atom X from the system it is 
postulated by Whitmore that X tak(‘s with it its shannl pair of (d('ctrons 
and leav('s the atom B or D, as the case may be, with an incomplete 
sh(dl of six electrons. Thc^ course of the reaction from this point is 

determinc'd by the change's which take place in the fragment :A:B. 
Under suitable conditions it may take up a nc'gative ion : Y : from the 

reaction mixture. This yiedds the normal product :A:B:Y:. Another 

possibility must b(^ consid(T(‘d if one of the' groups attached te) A is a 
hydrogen atom. The fi*agme'nt can now also lose a proton. IInde*r' 
these conelitiems ole'finiej cennpemnels are' pre)duevel. Thus, it- is see'ii 
that on the basis of this me‘chanism e)le'fins are not lU'ex^ssarily intx'i*” 
mediate proeliicts in a che'inical re'actiem but are formeel [is proehicts e)f 
‘^side’^ reactions. This inte'rpre'tatiem is signifie;ant, feir it (xplains why 
the conce'pt of the inte'rmeeliate formatiem eif e)lefinic compe)unds, whie^h 
has be'e'n discusse'd pre'viously, fails <as an e'xplainitioii e)f me)lecular rv- 
arningement proe*.e'sse's. The third peissibility, ])erh[ips the meist im- 
peu-taiit, is state'd by Whitme)re as fedleiws: “The nature and envireinment 
of A and B ni<‘iy b(' such that B luas the' gre'ater attnu'tiems fe)r electrons 
or th[it A can more rejielily elispe'nse with a p[iir eif its ele'ctrems. In 
either case a change in the' fragment, will lejive A with an e)pe'n se'xtet. 

:A:B -> A:B: 

The shift of the electron 'pair includes the atom or group which it holds. 
The new fragment can then recombine with the ion X or with a ne'W 
negative ion Y frean the reaction mixture. The rcvsult is an ^abnormar 
or Tearrange'd pre)duct.' Jn this manne'r either the' compound XAB 
or Y^AB is formed.'^ 

Whitmore also has discusseel the nature of the' prexlucts which m[iy 
be formed when one^ of the groups attache'd to the rejirrangeel fragme'nt 
is a hydrogen atom. Here again as in tlie originiil fragme'nt the system 
can stabilize itself by the loss of a prot.e)n. However, it c[m bo re'aelily 
seen that the unsaturateel compound so formexl may not be the same [is 
that obtained in the fe)rmer case. 

This reaction mechanism can be successfully applied to many type's 
of intramole'cular rearrange^ments. It has also bee'n very useful as an 
aid in the determination of the nature of “abnormaF' products which 
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are often formed in chemical reactions, and in for(‘S('ein^ wlien rear- 
rangements are to be expected. The following ('xamples are given for 
the purpose of showing its range (jf ap])lication. 

It is well known that the action of nitrons acid on amines often 
produ(;es compounds which are products of a moU^cular n'arrangxmient. 
Thus, when neopentylamine is treat(‘d with nitrous acid dimethylethyl- 
carbinol is obtained. Notic of tlie conx'sponding /c?7.“butylcarbinol is 
formed in the n^action. On th(' basis of the mechanism under discussion 
the n'action is formulated as follows: 


CH 3 11 

c\h 

n 

CHatC : 

noNo 

— > Cllsrt’. : 

X ; X 

(-'Ha ii 

iilla 

.. .. 

Konioval 1 13 

Shift of an 


of N2 

- > CU 3 :C^ : 

•• 

( ^ - — > C II 3 

:C : 

and :( ): Ii 

CTla 

* , ptjir w till 

|j nictliN 1 Kioup 

Clb, 



a'hii 



'V' •' 





CIT:i:C:(\Tl£ 

Cl [3 


Other [‘(‘actions of /c/7.d)Utyl(*arbinol and its derivatives can b(‘ 
l)lain(‘d in a similar inaniK'r, For exain])l(\ th(‘ preparation of (cr(- 
amyl acetate from neop(*ntyl iodide is (‘xplaimxl by ^^dlit^lore as follows: 


Cn, JT 

CIbuC : cVl': 
cic n “ 
CIU II 

ClhiC : V:CU, 


Jl’cT)) )\ al 

_ > 
nf :'l; 




rns ir 

CJi,:C : V 

ciis ii 

C1I3 

Cir3:r:(’2HB 


- — > 

of C'113: 


II 


:0:C0CIl3 


The preparation of /ert.-bulyl compounds from isohutyl alcohol and 
its derivatives is easily explain'd on th(‘ basis of this nu'chanism. This 
conc('pt also accounts for the failun' of all attempts to prepare halides 
11 11 

of the type Il:Cl:C:X: by the action of such halogeuating agents as 

ii ii “ 
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hydrogen bromide, phosphonis penta])r()mido, or Ihionyl chloride on 
the corresponding carbinol. In these reaction proc(\sses the group is 
deprived of an electron pair, and rearrangement within th(' system can 
then take place. 

This point of view suggests that if reactions an', carric'd out on these 
molecules in such a inaniKT as to remove X without its shared i)air of 
electrons then the group has at all times its full (piota of ek'ctrons, and 
rearrangement is not possible. In this connection the n'arrangx'inc'nt of 
certain derivativ(\s of i3,/3,/3-tri])h(‘nylpn)pionic acid is of s])e('ial inU'rest. 
Ilellerman has shown that the broniamid(' and tlu^ potassium salt of 
the bcaizoyl derivatives of the hydroxamic acid rc'arrange und(T suital)l(s 
conditions to give /3,i8,/3-triphenylethylanun(^ The proce'ss is a(*eonipa- 
nied by no reaiTangement within the^ t riplKuiyk'thyl group. 

O 

(C6n5)3(— CllsC X— II -> ((^cll5)3( — (MI 2 XII 2 

\ 


Whitmore and Homewer have studk'd tlu' Hofmann rearr’angenuait 
of <cr^.-butyla(‘(^tamide. This comiiound yic'kls neop(‘iitylamin(‘ (|uanti- 
tatively. No rearrangement take's [)lace' within the' nc'opeaityl group. 
The'se investigators incture this striking eliffe'rem'C' in the Ixhavior e)f 
this group in eliffe'rent classes e)f e*e)m])ounds on th(' fe)lk)\ving basis: 


II 

(CIl3)3C:C 

ii 

II 

(CIIO.CiC: 

ii 


The })rcak in tb(‘ inoh'cnlc* Ic^avos the ii('ej)cntyl 

^roiip with an ineninplete sh(‘ll of el(‘ct roiis, 

1 Rearrangement within tiie gioup i^ i)os.sibI(^ 

The l)r(*ak in tlio inol(‘eul(' ]('ave‘s tlie neoja'iityl 

COXTTo gronj) with its eoinph'te o<^-t(‘t of (‘leetrons. No 

re'arrangeineni is pos^il)le \Nithin the gro\i]). 


The applicatiem of llu'se jmncipks has sugge'sted a na'thod for the 
preparatie)n of hrb-butylmethyl ehloriele (n(' 0 })e‘ntyl chloriek'). It has 
been slmwn above that, it is not pe)ssil)k' to obtain this tyi)e of exanpounel 
by the action of the coinmem haloge'naling agemts on /cr/.-butyle*,arbinol. 
However, if the^ substitutiem is carrieel emt. so as to k'ave the^ neopentyl 
group with its full quota of electrems it she)ul(l b(^ possibles to javpare 
this primary ehloriele. This task has been ae'ceanplislu'e! by Fk'ining 
and Whitmores The chlorination of 2,2-dime thy Ipropanc (neopentane) 
yields this halide. 

Hcllorman, ibid.y 49, 1735 (19li7). 

WUiitinorc and Hoineycr, ibid.^ 54, .3435 (1932). 

Fleming and ’Whitmore, ibid., 54, 3400 (1932). 
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CH 3 IT 
C1U:C : V: 

cuts il 


11 + :( 1 : 


CHa H 

II(n + ClhiC : C:ci: 

ciu a 


It is of interest to note ilijit aftin* it is formed JUH^pentyl chloride is a 
surprisingly stahk' cliloi“id(\ However, it- can b(‘ s(at(‘d with certainty 
that, if in('tatlietieal r(‘actions an* carriial out- on it- in sucli a maiiiu'r 
as to remove the clilorine atom wuth its sharc'd pair of eh'ctrons, rear- 
rangement products will invariably result. 

Whitmores has cit(‘d as furtlua* evidcaice for this concept the fact 
that no reaiTangcummt to tcTtiary Intlyl compounds tak(‘s place when 
isobutyl bromid(' is eonvert-('d to isobiil yl alcohol by the action of oxygen 
on the Grignard compound. This failure^ to yield rearrangement prod- 
ucts is int(T(\sting when it is r(‘mem])(‘red that in most metathcdical 
rc'acdions involving isofaityl com])ounds a chang(‘ to /er/.-butyl dcTiva- 
tiv(‘s (‘asily tak(\s j)lac(\ If th(‘ gcauTally aec(*pl(Hl hypothesis is adopted 
that in the formation of the Grignard reagent- th(^ reaction tak(‘S jdace 

in such a \vi\y as to involve^ momentarily a scission of the molecule K:X: 

into th(' system of i)ot(‘iitially ncaitral fn^e radicals K • . . . ‘X:, then 

the failim* to giv(‘ i)roducts of n'arrangimKmt is understood, and is to 
be expected. 

•X: 

R:N: -f Mg: —> Mg: • • — > R:Mg:.X: 


On thi‘ basis of this ('k'ctronic mechanism it is only when the radical is 
left Tuonuaitarily wath an inconi])l(‘te sexted- of ek'ctrons that one should 
e\j)('ct it to unde'rgo reauTangeanent. 

Th(‘ reader should not g(*t. the im))r(\ssion from this discussion that 
no r(‘arrang(‘ments involving the Grignard reagent have be^en reconU'd 
in tlu^ cheauical litca*atui‘e. Many such rearrangements are on record. 
Howa.‘ver, it- is probable' that rearrangeme'nt occurs eluring those re- 
action pre)c('sse‘s which take place after the formation of the Grignard 
re'age'nt, anel not during the course of the' fenanatiem of the alkyl- or 
arylmagnesium halide^ itse'lf. Feu e'xample, Gilman and Harris have 
obse'rveal that the Grignarel compound pre'parexl from cinnaimd chlorides, 
CgH 5 CH=CH — Cn^Cl, reaed-s chie'fly to give pre)ducts of the type 

Whii-moro and Lux, ibid., 54, 344S (19.32). 

GiliuMU and Harris, ibid., 53, 3541 (1931) ; Gilman and Kirby, ibid., 64, 345 (1932) 
Austin and .Johnson, ibid., 54, 047 (1932). 
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CgHsCH — CH=CIL). OiH! of tlioir sevenil interpretations involves the 

I 

X 

intermediate formation of fn'e radicals. (S(‘e also p. 510). 


C6H5-cii=cir--cu2Ci + Mg CBiucir=cir— C 112 +— MgCi 


CcHb- CTI=CII C1T2— 


TJonn Mii^crnc-iit 
> 


CelTsCTl— (dI=Cll2 


-MkH 

> 


TK )ir 

CbIIbCH— (’H=CH2 + CO 2 > 

1 

MgCl 


CclIi-CTT--Cn=CIl2 

MgCl 

CcHoCIl— ('H==Cll2 

i 

00211 


This particular interpretation is unlikely on th(' basis of the eleetronie 
mechanism outlined above. This eonec'pt would hav(' on(' view tlu' re- 
arrangement as taking plao(‘ after th(' formation of the Grignard reagent. 


CJIb— ('II=( dI-- CII 2 CI -h Mg -> 


C611bCI 1=CT1— Cll2MgCl 


(■(MllOll) 


(’bHb-CTI— CII=C] l2 
CO 2 II 


Evidence for this latter formulation is found in the liehavior of th(' 
Grignard reagent jjrepared from benzyl ehlorid(‘. It has ])reviously l)een 
seen that in some of its reactions this comi)ound yields j)ro(!ucts which 
ar(‘ formed by processes involving molecular rcari'angements. Other 
illustrations *** could be givcni, as for exainpk; the a,ction of formaldehyde, 
benzaldehyde, ethyl chlorocarbonab', and a.cetyl chloride' on bi'nzyl- 
magnesium (‘hloride;. It also gives in some cases the noi’inal and ex- 
pected product. Coh'man and Forrc'stc'r '■”* have' obs('r\a'd that mono- 
chloroamiiK' reacts with benzylmagiK'sium chloride' te) gi\e' benzyla- 
mine. No indication of the formation eif the' re-ai'range'rne'nt pixedue-t., 
o-toluidinc, was note'd. They also studie'el thei ae'tieen of nuenoe'hleere)- 
aminc on a-naphthylmethylmagnesium chleeriele. Similar re'sults we're 
obtained, although it is knowm that in se)m(! e)f its re'a.e'tie)ns this Grig- 
nard compound reacts abnormally. Therefe)r(',, it must Ik; assumt'd, at 

Coleman and Forrester, ibid., 58, 27 (1930). 
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least in these reactions, that th(i normal Crignarcl i-easc'nt is first, formed, 
and that I’earrangc'inent occurs in the reactions which follow. 


('HaMgCl 



non 

+ CllaO - > 

i(*ai riiUKoniont 


CHs 


CIl.MgCl 


(’II2NH2 



+ NIIoCl 



+ MkCIo 



Anoth('r (‘xainph* may 1 m' profitably cil(‘d. Ford, Thompson, and 
Marv('l have studic'd rearra.ng(‘nuMits of i)olyyn('s. Tlu'y have re- 
])ort('d that wlu'ii the Grignard n'agent of i)henyl-/c/7.-]iutyl-/n7.-l)utyl- 
('thynyll)romomelhaiu' is trc'aled witli water, caibon dioxide, or iiK'thyl 
chlorocarbonate the resulting product is .an allene derivative'. 'Hiey 
have formulated the reaction as taking place in the following manner: 


(CH3)3C-( 


Ur, Ur. 

i 

^^C --C -r.r+ Mg (CI1;,)3 C-('s.2(' 

i 

CtClbOs 


C'cIIr, 


non 


-> (CIlslaG— C'II=('=C 


Cells 

1 

-C— MgP.r 

CCC'Ilsla 


CfCibOs 

Cells 


ro» 

non 


(CIl3)3C-C=C=C 


cooir c(cn3)3 


“*Forcl, Thompson, and Mjirvi'l, ihi)]., 67, 2(U9 (19:5.'>). 
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Cello 


ClCOOCTIj 

■ > 


/ 

((TCOaC— C=C=C 


CO^CIIa C(Cll3)3 


Thus, this intorprotatiou would appear 1o be in agi-eeineut with the 
concept under discussion. 

The elect, ronic mechanism has Ix'cai used Avith mark(‘d success to 
explain the A'arious prodiu^ts forna'd iji the dc'hydration of alcohols. It 
has b('.('n ])reviously point'd out that aceordinp; to Lachmau tin; 
changes invoh’ed in the pinacol an<l allied rearran{j;ements an' (As,s(!n- 
tially oxidation-reduction jirocesses which invol\(' a transferemte of 
('lectrons witliin the molecule. Accordina; to Whitmore '•*“ this pi'ocess 
takes place; in the followinp; maniu'r. “The more' n'active; hydroxyl . . , 
is removed in the course of the jx'action, leaAung an open sextet which 
is compk'ted by a reai'rangeiiK'nt.” 


R 

H:0:C 

*’ ii 


R R R 

: C^R H:():C:CRR + 

:(): *' ii 



H 


R R 


R 


n:0;C : (':R 


:(): R 

ii 


R:(':C;R -h lli-O 

'()’ ii 


The rearrangement of the iodohydihis follows a similar coiu'se. 

It should be noted at this i)oint, however, that it has been pointed 
out both by AVallis and Whitmf)nC"“ and b}' Bartlett, and Pdeki'l 
that the opeai sexU't actually never do(;s exist as such, for the; re-nioA-al 
of the hydroxyl group with its (>lectron pair and the rearrangenu'nt of 
the radical, R, occur simultaneously. Bai-tlett has further (;onclud('d 
that in rearrangements of this type as well as in tlu; WagiK'r-Meerwein 
transformations the migrating grouj) approaclu's its new caibon centei- 
from the n'ar, and thus produces an inversion of configuration Avhen 
optically active conii)ounds of these types are allowed to i-<‘an'ang(‘. 
Bernstein and Whitmore have consider(*d this point of \'iew in their 
analysis of the scani-pinacolic. deamination of dext rondatory 1,1-di- 
phenyl-2-aniino-l-i)ropanol to methylpluaiylacetoijhenone 

Wjillis and Whitincrc, ibid., 56 , 1427 (1934), 

^01 Bartlett and PiV-kel, 'ibid., 69 , 820 (1937). 

Bernstein and Whitmore, ibtd., 61 , 1324 (1939). 
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eu;, Cfju 

cih 0 

1 / 

1 / 

C (t-CclU 

Cells— C-C-CdU 

1 

j j 

Nils on 

1 

11 


If it is to be jussuiiK'd that in rearrangements of the Curtins, Lossen, 
and Hofmann types the transformation occurs with r(‘(.(aition of con- 
figuration tluai tlu'ir expcTiinents clearly indicate that llartl(‘tt’s views 
are correct. That n'dadion of configuration during tlu^ Hofmann r(‘- 
arrangc'inent. can occur in hindered systems has been demonstrat(‘d by 
Bartlett and Jvnox in the following series of reactions: 


O 

/ 

(’. -Xllo 


Kir^ 


C'lTa (Mta 

('II3 Clls 
CII2 1 CII2 


\ 


C'JI 


(' 



(’II3 -('-CIT;, 



N()y(‘.s has also (Icscrilxal cxiK'riniciits loading to a similai' con- 
clusion in Jiis studies of the degradation ol th(' canii)lu)ric acids. 


II 


CIT.. 

~ CIICOOIl 

nCIIs— C— NII 2 


Cdl:, 

--C -V\h 

1 ’’ 

1 

Clh-C CII 3 - 

t 

► Lactam 

(dl. 

C - C’OOTT 

-C1I2-C— coon 

1 



1 

CII 3 

cm 



rin 


Uart.l(‘tt and Kmix, ihuL, 61, 8184 (1980). 

104 Noyes, Aw. ('hew. 16, 5(K) (1S94) ; Noyes and Porter, J. Am. Chem. Soc., 37, 189 
(1915); 34, ]0()7 (1912); Noyes and Niekell, ibid., 36. 118 (1914). 
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IT 


('— coon 





Cils 

CH 3 — ('— CII 3 
CH 2 



(' -coon 

('113 


harts 


NU 2 

1 

C— H 


CHl2 

/'iTT /I TMT Doc*s not 

V/II3 V V JI3 form lacturn 

CH 2 


\ 


\ 


(^--COOII 

i 

CH3 


It is to bo iru‘nti()ii(‘d that in this oas(' th(^ r('arranp;(anont. has boon 
carri(^d out und(T asymiiKdrio conditions and that (*()ns(Hiu(‘ntly othor 
dirootiv(' forces may conu^ into play. In tlio iiit('r(‘st of ^(auTality it 
would bo desirable to establish a ri^id eonfi^urational relationship in th(' 
system RilioH^C— (1)011 -> KiHoHaC^-Nllo. Only then would it be 
j)ossible to state with certainty that tln^ Hofmann rearran^canent always 
oc(aii‘s with ndcadion of conlij^uration. ddi(‘ (‘ss(‘ntial point in qu(\slion, 
iianudy whethca* in th(‘ al)senc(‘ of s])(‘cial directi\'e forc(‘s an asymnudric 
carbon atom can pr(‘S(a*V(‘ its (‘onfi^iiration Avluai it mip;!’at(‘S with an 
el(H*tron j)air from A to B, has Ixaai rip;oronsly jiroved, ho\A(‘V('r, in the 
investigaticais of La-ne a.nd Wallis on the \(d)lff r('aiTanp;em(ait of 
optically active' diazoketones, for in this cast' Iht' nt't't'ssmy confi|i2;ura- 
tional relationships iirv r(*adily obtainable. The proof was achieved by 
the following cyclic* proct'ss: 


soon H^U.AgoO 

R— C'OaTT > R-~C0 -CHN2 - - R— Clio— CO 2 H 

I ('II;.N2 NajSsOj 

4 , ( 1 ) W 

R— CO— NnC6ll4Rr-/; 


SO(*lv 


CII2N2 


Hurhicr Wii'land 

R— CO 2 II <- . -- R— CH 2 — (H)2CTT3 

H2N(.'f,n iBi-p degiadution 

eo 

C]l3 


R=w-C4n3— c— 

1 

CJIr.' 


'05 Lane and Wallis, ibid., 63, 1074 (1941). 
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Since only stop 2 in this cycle involvc'd the breaking: of a bond of tlu' 
asymnK'tric center, it is clearly established that in this stx'p th(> WoKY 
rearrangement proceeded witliout a Walden inversion. The assuin))1ioi) 
of Bernstein and Whitmore s('ems, therefore, to be justified. 

It is fitting to point out that thc'se views of an ek'ctronic mechanism 
outlined in the preceding pag('s have c('rtain limitations. For example, 
th('y need to be extemded to explain the n'sults of McKc'nzic', Boger, 
and McKay,*'"’ in their studies on the pinacol rearrangement, of optically 
active 1 ,2-diphenyl-l-o-tolyl(dhanediol, 

(Vdlfix yCJh 

V 

o-iWl/ i i \11 

Oil on 

Dc'hydration with dilute sulfuric acid gives an akk'hydi', 

(C'cn5)20-Cll() 


<>~C^7Tl7 

and an ojitically active ketone 

11 () 

('olKv i !l 

>C -C --(V,H5 


In striking contrast to these rc'sulfs are those obtaiiu'd with the corre- 
sponding optically active modifications of l,2-dii)henyl-/>-lolyle1hane- 
diol-1,2. This compound behaves diffenaitly. No aldehytles are formed 




11 


O 


on rearrang('ment , and th(^ /j-tolyldesoxylxmzoin, C — C — CbIIb 

v-(hn/ 


which is formed is completely inactive when (‘ither oxalic* acid, cold 
sulfuric acid, or hot dilute* sulfuric acid is usc\l as the d(*hydrating agent. 
At first glance* tliis apparent disparity in results is hard to understand, 
llowevc'r, reflc'ction will show that there arc* good reasons for thc'se 
diffc*rc*nces in thc*ir obsc‘rvations. If we rc*call the strengths of the* acids, 
otoluic acid (a), benzoic acid (6), p-toluic acid (c), we find that (a) is 
stronger than (6) and that (r) is weaker than (h). In terms of c*lec*trc)ns 
we may construct a picture in which the methyl group in the* para- 
position is c*lectron repelling and in the or//?o«position is cdectron at- 
tracting. 

106 McKenzie, Roger, and McKay, J. Chem. <Soc., 2597 (1932) ; Roger and McKay, ibid, 
332 (1933). 
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If this is correct the r(‘sul1.s outliiK'd above an^ easily vmdersiood. 

In the case of the r>-tolyldiol flic removal of the :0:H group with its 

oef et will bc' inadi^ more difficult and th(> ease of rearrangement of the 
:H with its electron pair will be made greati'r. C’onsequently the time' in 

:OH 

which the moh'culc^ will ('xist in an intn'inediatc state', CcIT 5 : C : C — Cel 

ei-Cvlir li 

will bc ve'ry short inde-ed. On Hk' either haiiel in tliei p-tolylelie;)l the re- 
veirse will be true and ceinse'Cjue'ntly racemization can take jilace' with 
far gre'ater reaeline'ss. 

hixpe'rime'nts on the ( 'liapimin rearrangement would be eif great, 
intere'st freim this peiint, of view. 

OR/ O 

/ -/ 

R--C=N— R R— C— X— R 

ll/ 

whe're' R' is an optically active raelie*al. 

Kinetiee stuelieis of i-earrangeuiu'nts by llause'r anel collaliei- 

rators of compemnds eif the; type Cellet - -Xll- ()— C — C^elRX' anel 

XCeIRCt — X(H)OC — C cTIb aR<> clearly bring out this e'ffe'e't. From sueli 
experiments it earn be e-einclude'd that, the- rate'-ele-terinining ste'p in the- 

process is the n'lease of the — O — C — CeH^X' or — ()(' — CJIr, as anion. 
The rearrangements arc' facilitated by the (‘]('(*tron-r('piilsive charac- 
ters of X and the electron-attractive charact(‘i‘s in X'. 

When the grouj) containing X' has a mc'thy] grou]) in the para- 
position the rate' of rearrangcanent is slower than it is when the* nK'thyl 
group is in the or//io-position. The op})Osite is ti*ii(' whc'n o-Cdl.} and 
P-CH3 are in position X. Furthermore, tlu' logarithms of the \'(‘locity 

coefficients for the transformations of (lellb — C - Nil — ()- CO- Cf,lTiX' 
gives a straight line when plotted against the valiu’ of log K for the acids 
X'C 6 H 4 C 00 H even when X' is in the wV/m-iiosition. The linear rela- 

tionship does not hold for X — Cf,H 4 (’ — N(lI)OCO— CclTr,. Thus, the 

IlaiRser and co-woikeis, J. Am. (^hnn. Soc., 59, 121 (1937j ; 59, 2308 (1037) ; 61, (»18 
(1939). 
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quantitative corn'lation is true only where the variable group is in the 
acid portion of the molecule. 

The c'lectronic mechanism as outlined has other limitations. It 
does not aid one in ]:)redicting the nature of the products formed when 
the groups attached to the two (*entral cai*l)on atoms of the pinacol 
are diffiaent. Ilowc'ver, IngokP^® has treat('d this ])rol)lem also from 
tlu' ekictronic vi(nv])oiiit, and has come to ccaiain conclusions which 
ar(' of int(T(\st. Ac^cording 1o him, in compounds of the ty])(' 
ltKiCXOH)C(()H)lL>K;o nature of the k(Tone which is formed will 
de])end on the pai'ticular hydroxyl groui> which is (eliminated as wat('r 
during i\w inaction pnxnss. This elimination in turn deiKaids on thci 
ca.{)acity for ekection rek'anse of th(e grcjups which are attac'hcxl to the 
two c(entral caihoii atoms. The hydroxyl group will be inmoved from 
that (‘arlxai atom whosi^ grouj>s have the gnatcest (*a})a,city for t^l(‘ctron 
r('h\as(e. liigokl ])oints out that this (*a])a(*ity may bi^. d(eriv(‘d from 
th(‘oretical considerations or may be olitaiiK'd from obsc'rvations in 
oth(‘r fi(‘lds of organic* (‘luanistry. Enjm th(‘ vast amount of data whi(‘h 
is available* he* has (*staJ)lish('d the n'lationshio: II < alkyl < aryl, in 
which hydrogc'ii lias the* Least capacity for (‘lectron n'lease. For pur- 
j)os(es of illustration h(e has form\dat(ed tlH*se (diaiigces in the following 
manner: 


(a) H < alkyl (Cdl,, C2II5) 
^OII .OH 

(1 (i 

CII3 — II 

c,ii, qii, 

(/)) alkyl < aryl (CJIf,, etc.) 
,rOll /OH 

(1 (I 


CoH,- 


I'Nl 


c— cn^c^H,- 


II CHsC.IIs 




CeH, 

CH3 — c — 

I 

Cells 



O 


-5»-C6H5CH2— CH— C- CH2C6n5 


Celle 


Many other compounds involvinf:; rearran}i;cnionts of this type have been 
discussed by him from this point of vii'vv, but the principle's invol\'('d 
are ('ssentially th(' same', ll is sufRci('nt at this lime to state that the 
rearranf>;('m('nts of ('IhyU'ne oxid('s appan-ntly follow similar rules, and 
that these eompounds yield eitlu'r of two ketones according to the 
relative capaeilies of the gToUj[)s for electron n'lease. However, it wovild 
appear that, in some instances there are exceptions. Levy and Sfiras 

lOK Xngold, Ann. Urpts. (^hnn. Soc. (London), 25, 124-134 (1928). 

Lovy and Sfiras, Conipt, rend., 184 , 1335 (1927). 
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have studied the reaiTang;eineni of some ethyleiu^ oxides of the type 
CcIl 5 (CIT 2 ) n — C 1 1 CdloCr/- = I to 4] . They report that on rearrangement 


HK 


the hydrogen atom inigratc's in ])ref(a*ence to either the benzyl group, 
tlie i)henyl(4hyl group, the jdienylpropyl group, or the phenylbutyl 
group. Thus, 



R— (CH2),— Cll CII2 


K— ((nT2)„— C— CH3 


It must be slated, howc'ver, that these rearrangennents were carri(‘d out. 
under drastic conditions. The isomerization was produced by heating 
the oxid('s with zinc chlorid(‘, or by passing the vapors over alumina at 
260°. Therefore^, tlu'ir r(‘sults ma}" be explained on th(' assumption 
that under su(*h conditions a further isomerization of the primary prod- 
net takes place. 

lnter(\sting apidieation of the ek^ctronic con(‘ej)t has been mad(i to 
ally lie sj^stems. \^dlitmore formulaU'd th(' (*hang(*: 


•• •• nomi)\al Sliift of •• •• 

A::B:n:X: - , , > A:n::l) 

.. .. .. of;,\; •• •• t'lid roll pair 


UiiKHl 


-> :V:A:U::I) 


wit- 1 ) :X: 01 lY: 


The (.asc X = Y (triad anion taiit.om(‘ri.sm) lias bocai similarly discussod 
by Ingold for syslcnis: 


R -> CJI— CII=CH2 R C:T[=(’1T --CIT2X 

Ilore also IIk' caso with which the anion X Icavi's the system depc'nds 
in part on the capacity of the group H for electron release, that is, to 
supjily (‘lectrons to the “depleted” carbon atom. A study of a number 
of siK^h systems where R is /i-chlorofihenyl, p-tolyl, phenyl, methyl, etc., 
shows that the order is 


P-CIC6H4 > P-CII3C6TI4 > > CHs > H 

Ingold also points out that., in all these, systems, X will take its position 
“adjacent to the least activating of the terminal groups.” The fiarticu- 
lar type of triad anion tautornerisni, (X = Y), discussed in the preced- 
ing paragraph would be formulated as follows: 

Bennett and Chapman, Ann. Rrpts. Chem. Sac. {[.ondon), 27, 117 HOSO). 
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:X:H TI 
R:’C:C::C:H 
II 


H H 

Komova! t * , Sl.ifI of 

R:( :C::C :1I > 

of :X: •• ail oleulroii iiair 

n 

TI II . , . n 11 

• • • • I iiitm with 

R:C::C’:C’ :-7 ^ K X; 

11 11 II Ji 

It is to be noted that, in Whitmore’s formulation, the exehanfro of 
y for X in cither :A::15:1):X: or :X:A:B::]) should lead to the same 


products :Y:A:B::l) or A::B:ll:V: or to the sam(' mixt.un^ of these 

•••• •• •• •••• 

two, since, regardUhss of wliicli compound is taken, the r(*a(‘iion must 

])roce(‘d through the r(\so7iatiniz; pair of in1(M*ni(‘diai (\s A: A:!^: :D. 

Tlu' equilibrium value of tliis resonanc(‘ will detei'juiiu' Iht^ composition 
of lh(‘ final prodiud. 

That this is substantially correct was found by Young and Lane 
in th(ur work on th(' convtu'sion of crotyl alcohol and nudhylvinylcarbinol 
to th(^ c-orres])onding butemyl bromide's under conditions pn'venling 
tautomerizat ion of thi' bi'omide's following tli('ir prepai'ation. It was 
found that th(‘ (‘quilibrium niixturc' of bromide's ('xpe'cte'd on the' basis 
e)f sucli a nu'e'hanism ceinslituteel freim <SS to 97 i)('r c('nt of the' final 
preielue't, the' I'e'maining j)re.)elucl being the' iseinu'ric brojniele eorrc'spond- 
ing te) the ah^oheil use'el. The perce'iitage eif reaction j)re)ceeeUng by such 
a me'clianism was d(‘t('rinine*d by tlie activity eif the hycire)gf'n breauide' 
in llie' seilution anel approache'el 100 ])er c('nt in elilute' hyelreibreimic aciel 
solution. The comj)e)sit ion eif the eejuilibrium mixture' eif Imjinieles was 
also inarke'elly affe'cte'd by the acid cemcentratiem. 

This inte'ipretatiein of the electron changes which take' place' within 
the'se sysle'ins has the advantage of (de'arness, anel of free'elean from ab- 
stract ne'ss and variety of de*tail. It must be re'inembere'el, heiwevcw, 
that lu're, as in other cases which have pre‘viousl3^ bee'ii discussed, such 
a nu'chanism te'lls one nothing of the effect e)f the group R on the' ease 
of re'arrange'ine'nt. Ile're'in lie’s its weakness, anel fe)r such infonnatiem 
meire e'\perimental facts are ne'cele'el. 

Tlie' e'leadremic inechanisin has be'on used to explain the^ Wagner re- 
arrangement of /('r/.-alkyle'arbine)ls. Ingedd use's the same prin- 

e*ipl('s of electron dis})lace'inent as have' bee'ii eiutline'el aboAa'. A cleiseL^ 
analeigous interpretation has also been given by Kobinsem,^^^ in wLich 

Youn/z; :iik 1 Lano, J. Am. infirm. Soc., 59, 2e)5 (1937) ; 60, S47 (193S). 

112 Burton ;ind Ingold, J. (linn. Soc., 904 (192S) ; Ingold and Smith, 2752 (1931) ; 

IngoLcl and Shoppoo, ihuL, 1199 (1929). 

113 Bobinson and co-workors, J. Soc. Chem. Tnd., 44 , 450 (1925); J. CJinn. Soc., 1010, 
1019 (1925); ilnd., 401 (1920). 
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his earlier theories involving partial valencies hav(^ been reexpresscd in 
terms of elc^^tronic displacc'ments equivalent to the polar partial valency 
symbols previously iis(‘d. The n'ac’tion studied by Wallis and Bowman 
may ser\a^ as an illustration of this transfoj-mation. In t(a*ms of an 
el(‘ctronic mechanism bascal upon the ])rincipl(‘s of Jones, Slieglitz, and 
Whitmore', at least, for that ])ortion which giv(\s rise t.o an opti(*ally 
active product, the jx^aeTion may be formulated in the following mannc!*: 


11 

II 

II 

/ 


\ 

R, OH 

Ri 

OH Ri OH 

i 1 

1 

; Ii 

C— Clio - 

^ Ro— C 

CHo -» Ro— -(V-CII2 

1 

R 3 

Rs" 

co 


It is to be reniemb('r('d, as has been stated previously, that this mecha- 
nism implies that, the hydrocarbon radical supplying th(' hydiogx'n atom 
eliminated as water is not tlie radical whkh niigrat(\s to the adjoining 
carbon atom. In this respect it is in effect opposexl to that of Buzicka.^*'* 
There are instances, however, of this t^qx' of r('arrang('m(‘nt in which no 
wat(T is eliminated during the rearrang(‘men(- proc,(‘ss. The ix'action 
studied by AVallis and Bowman is an illustration of the point under 
discussion. Therefoix', it wmuld seem that an ('k'ctronic m(‘chanism 
based on tlu' principles of Jones, Stieglitz, and Whitmore' more nf'ai’ly 
represents the true picture of the reaction i)rocess at least- for that por- 
tion wdiich gives rise to an optically active product. In tc'rins of tlu'se* 
concepts the reaction wxaild ])e formulated in tlu' folloAving inamu'r: 

Ri H Ri 11 

UemoN al *• •• 

I{ 2 :C :C 

• • • • • • of )iTT * • • • 

Ks II ■■ Rs H 


Lohh of IT2O 
or HCl ^ 


Ri R/ II 

R2:C ::C:R 3 or Raic" :C:R3 

ii ii 


R, II 

lU-.C :C:R 3 

ii 


R, II 

I 'nit)!) witfi • • • • 

-r — > R.rC : CtRs 

: 0 :H 01 ;<•!: , 

■■ «t<- ■ 11 : 0 : 11 


(:Cl:) 


Shift of an 
floe troll pan 

Willi ^iioup 


Ruzirka, Hrh. Chhn, Acta, 1, laO (lOlS); Ruzicka anil T/iobl, ihld., 6, 207 (1923j; 
see, also, Zuinpfe, MonaUh.^ 25, 124 (iy04j. 
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Similar mechanisms have been pi'oposc'd by Wliitmore to explain the 
natures of the prodiiets formed in tlic dehydration of otlier ty})('s of 
alcohols. 

An electronic mechanism may be used with sii(^c(\ss to explain various 
other types of intramolecular rearran^»;(uiients. For exam})le, Infold 
has recently studied the bcuizidiiu^ rearrangement, and has found it to 
be an intramolc'cular pi*ocess. It is pertinent tliat brief description of 
his nud-hod be giv(ui. Two benzidine transformations wen' carried out 
in the same liomogxuK'ous solution. Two hydrazobenzene d('rivatives 
wen' s('lected which would undergo rearrangement at com])ara])le sj)e('ds, 
and which wc're also of su(‘h a nature' as to insure a benzidine conversion 
without a simuliaiK'ous sc'midine isomerization. It was found that, 
when mixed in (‘quimolecular concentrations and allowed to rc'arrange, 
c'ach acted indc'pendcaiily of the othc'r, and that- no mLxc'd benzidine 
was formed. From thc'sc' results Tngold conchided that then' was no 
sc'paration of groui)s c'itlu'r as ions or as radicals. Jh'fore the nitrogc'ti 
link is brokc'n ihc' pu/u-posilions must comc' within each othc'r’s sphere of 
iriflucmcKX The' n‘arrang(.'ment takc's i)lac(‘ within tlie molecule. He 
exj)lains these' facets on the' basis of the following feji’inulation: 



III 


This })articular de‘se*riptiou of the n'action proe^ess has rece'ntly been 
criticize'd by llobinson,^’^’ who i)oints out that, if the ('omple.x (II) n'ally 
we'rc' an inte'nue'diate, the'ii such imine salts should rc'adily liyelrolyze to 
give' j)hene)ls and ammonia, two products which have not b(‘en observc'd 
in this n'arrange'inerit. IMoreove'r, when this formulation is applied to 
p,p'-disubstitute*d hydra zejbe'iizenes compounds of the type 



should be produe*.e'd. This also never happc'iis. Tlmre'fore, Robinson 
proposers the following: 

Inj^olcl Jind Kidd, J. Chvm. «S4 (Um). 

Eobinsoii, “Presidential Address,” J. Chnn. Soc,, (1941). 
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(a) is a “full one-electron make 
or break of a covaloncy.“ 

The arrows are displacements of 
very small extent relative to (a). 
(a) and (b) arc irreversible. 


2. S(M‘ond phase 


N- 


-niiXti) 



ill) auioiioid complex (i.e., electron donor). 



Electron donor 


Th(‘se change's ndievo tlu' strain in tho elocironn'ric system without re- 
v(‘rsin^ lli(‘ first phase and insuj-(‘ tlu^ })reservati()n of th(' aromatic 
eliaracter of both nuclei. TIk^ simultaneous opcTation of both phas(‘s 
constitutc's a proc(‘SS of intramoh^cular oxidation and n^duction which 
leads directly to th(' formation of t}u‘ benzidinium salt (III). Th(' hy- 
drazo group is reduc(Hi by the el(‘ctrons whidi pass through the conduct- 
ing aromatic nuclcd. The jf;am-positions at th(^ samc^ tim(‘ lose* t-wo pro- 
tons and tAvo electrons, and becoim^ oxidized. Rolnnson has also 
applied this im'chanism to th(^ semidine ix^arrangeinent and (certain otlu'r 
oxidation procc'sses. 

The application of this conc(‘pt to intramoU^ciilar rearrangements 
giv('S us an explanation of certain other intercvsting facts. In a study of 
(HU'tain intramolecular r(\arrangements involving optically active radi- 
cals, notably of the Curtius, Hofmann, and Lessen typ(\s, it lias be(m 
shown that not only does the optically active^ group maintain an asym- 
metric configuration during the rearrang('ment l)ut also that no apprc'- 
ciable racemization occurs during such transformations. These facts 
are significant in view of the pn^sence of partial or compl(‘t('. racerniza- 
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tion always obsoiwod in the rcarrangoinc'iits of optically active pinacols, 
alkyl phenyl ethers, and /crt.-alkylcarbinols. On the basis of an elec- 
tronic mechanism this diffen'iice in the optical stability of the tricovalent 
groups is to be expected. The electronic nature' of the grouj) containing 
the asymmetric carbon atom is dilTerent in the two classe's of rearrange- 
nu'Tits. In the former ease, according to the ideas of Stie'glitz “ 
and of Whitmoi’e,®- the. I'earrangtanent proce'ss involves a shift of an 
(electron pair with its attached group. Thus at no time is th(' asymmetric 
carbon atom without its full quota of electrons. 


() 


<) 


R:C:N:X 

Y 


H:(':N + .\:Y -•> R:N:C;(): 

Ki 

R: 

ii 


In rearrang('m('nts of pinacols, and /cr/.-alkykearbinols, however, the 
optically active group is deprived momentarily of an ek'ctron pair. 

I’inacol rearrangement of 3-i)henyl-2-benzyl-l-nai)hthyli)ropane- 
diol-1,2. 

II 11 II 


:(): :t): 




CgIRCHl.:!' : ('tf'ioIlT -> ('6lI&CII,:(':C:C,oll7 + :G:TI 


CYILCll-. II 


ClbCfilU 


H 


: 0 : 

II 


lioarrauffuiiiPiil 

• • 

Addition 

> C ; 

( ' :('iol 1 7 

— 

of Cc,lli('U.2: 


of H 

CcIUC'Ib 

('ll^Celh 




Lomh of 


II 

:(): H 

> H:(’):’c : C:C,nIl7 
('elRril. (’II,CJIr. 


o 


C10H7 


loo 


> CclLCTLC- 




(TI 


ClloCsIb, 


rartially racrmized 


Therefore, its electronic nature is different and it should not be antici- 
pated, even though the migrating group is nevi'r free, as th(' results of 
Wallis and Moyer have shown, that such a group with a sextet of 
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el(!ctrons would have as gn^at optical stability as one in which the 
asymmetric carbon atom has at all times its complete octet of electrons. 

Recent considerations of the Wolff n'arrangement give further sup- 
port to these views. This reaction has long been regardt'd as analogous 


.0 


to the Curtius type of n'arrange.ment, the shift of a — C — N\ fragment 




.() /II 


// / 

in the latter procc^ss being fonnally replaced by th(' fi-agnunit — C — C\ 
Thus Arndt and hlistta-t hav(' foinmlated tlu^ reai-rangement as follows 


: 0 : 


n 




• • • “ (V)lloid;il • • • • 

R:C;C:N:::N: — -> R:(':C:+N2 

i 

•O’ ^ 

I|-' • H 


K:(':C':A <- 


Jl:.\ 


- R:C::C::() 


IT 


where A is OH~, OEt~, Nll2~, ~NH(\iH.5, (‘ 1 c. 

Since the second ste[) is regarded as involving a shift which leaves 
the radical R always in full possi'ssion of its eh'ctron pair, i( is to be 
expected that on the basis of this formulation an ()j:)ti(;ally active grouj) 
will maintain its asjmunetry throughout the proc(‘ss just as in the ])!•('- 
c('ding case. This conclusion is substantially in agi'eenu'nt with experi- 
ment. When R: = (C\-,Hr;)((Tl,-d(/i-(’4ll9)C': HA = IIUII, CV.H.r.NII., no 
racemization during rearrangement can be detected.”** Further, for 


R: = 



I 1 A = HOH, (VJlsNlF, no racemization occurs. 


a result which is wholly in accord with the work of Wallis and INhjyer 
on the Hofmann rearrangement, and which sujjports the intramolecular 
interpretation of both ty{)es of reari-ang(‘m(‘nt. 

It is to be noted, howev('r, that, when R: = (CV,H5(Tl2)(CH;{jH(’: 
HA = HOH, Cf5H5NH2, (^omjdc'te racemization occurs, whik^ for 
HA = HNH2 partial racemization rc'sults.’”* These facts are suriuising 
considering that the stability of thc! same radical in r(‘arrang(‘m('nt of 
the Curtius type is very probably to be at.tribut,ed to an enolization of 


Arndt and Kistcrt, Ber,, 68, 200 (1935). 

Lane and Wallis, J. Org. Chcin,, 6, 443 (1941). 

I.ane, Willeriz, Woissherger, and Wallis, ihuL, 5, 270 (1940). 
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n o n 


the intermodiate C'oIl 6 Cdl 2 ;C 


: C : C: faciliiid wl i)orhi>])s by llio silvor ion 


C'lla 

in conjunction with the catalytic silver surface always presinit in tliese 
reactions, i.e., 


?? ..0.. I? ]l ■ 9. • — ^ t 

C0H5CH2 ; C : C : C : CcIIsCIIa : C : C + | Ag 

CII 3 CII 3 C : 11 i 


ndhor than to any ossontial diffcTcnco in tlu‘ el(‘(*tronic b(‘liavior of the 
b(nizylniethylearl)inyl radieal durinjj^ th(‘ migration j)roeess. 

Befoi'i' eoneludin^ tliis discussion of the electronic concept, as an 
explanation of intrainolc'cular nairran^eini'nts it is appropriate to con- 
sid(T its application to certain st(‘reocheniical probhans which are in- 
volved in the cluanistry of th(^ isonuTic oxim(‘S. Jotk'S, Stic'^litz, Lach- 
nuiiin, and Whitmore, whose id(‘as have Ixam discuss(‘d in the pr(‘C(‘din^ 
para^raplis, have not ap})li(‘d tlu'ir (‘hadronic concepts to probhans d(ail- 
in^ with the ph(aionienon of cis or (rans (*limination of radicals or of 
cis or trails mifi:i*ation of iTidictds in p;(‘oinetrical isomers. The ideas of 
Mills/“‘’ liowc'vaa*, t\w of sjiecial iiitiaxst. in this connection. 

It will b(‘ n'called that, an <‘asy method of conv(a1inp; benzaldoximes 
into the corr(‘sponding nitrih's is by tli(‘ action of a(]ueous sodium car- 
bonat(‘ solulion on tlu* a(*etyl d(a-ivative of the aldoxinua 

0 0 

/' 

('cib— bll;, -- CfilbCE-^' -f ('ll, -iC— Oil 


'Willi the aid of the telralu'dral model and of the electronic concept, 
Mills forniulati's this chan,g(' as follows: 



Colls-, 



H 2 O 


After reat'tion 


'rhus, it can be sei ii that (he products are water, benzonitrile, and the 
acetate ion. According to him the liberation of these components 
whicl) art' already prt'sent in the acetyl derivative constitutes a second- 

Mills, Choiiijitry A- Iruiusslry, 61, 755 
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ary reaction and is the rosult. of a direct action of the sodium carbonate 
solution. Tli(^ primary reaction is the removal of a proton by the hy- 
droxide to form water. 

Mills describes the se(|U('nce of changes as follows: ^'The elimination 
of acetic acid consists cf a (^hain of three events, each dependent on the 
iK'xt. Th(' first is tJie nanoval of a proton. The s(‘Cond is the mov(‘- 
nient- of the nitrogen nuchais to bring it into alignment with the phenyl- 
carbon vak'iicy. The thii*d, which is the immediate consequence of tlu' 
second, is th(' liberation of the ac(dr-ion. 

“Th(‘ (leteTinining factor which causes th(' unequal n^adiness of cis 
and Inuh^ elimination is the linear configuration of benzonitrile. The 
cent('rs of tlu^ carbon and nitrogen atoms of the cyanog(*n group, and 
of the carbon atom of the ])henyl group to which it is attaclu'd, lie in a 
straight line. Th(' formation of f)enzonitril(‘ tlaTcfore (aitails the movc'- 
ment of the nitrog(ai niudcais in the dinadion shown. 

In discussing this Siapience of evcaits Mills })oints out that u\ the 
ac(dates of ^/’a//,s-aldoxim(‘s this movement aids tlu^ lilx'ration of tlu' 
acetate ion since' its diix'ction is away from th(‘ ace'toxyl group. In the' 
acetate's e)f the' e*orrespe)iurmg e7'.s-alde)xim('S the mewe'ine'nt, of nitre)g(‘n 
atom doe's not give the' aex'toxyl greni}) e'epial o])portunity to e'scaj^e as 
the ae‘('tat(' ion. Tlu're'fore', sine*(' e'ach step in the ediain of events is 
ele'peaide'nt. e)n tlie* lu'xt, it follows that in the‘ acetate's e)f the' r/,s’-alele)xime\s 
the* teneU'iicy te) give up a proton te) the* alkaline' se)lutie)n is le'ss. Ceaise*- 
quently the'se ae*e*tate's are' less ae-ielic, anel de'hyelration is me)re difficult. 
Thus, Mills’ applicatie)!! of the' ede'ctronic ce)nce'])t le*ads to the conclu- 
siem that the' ce)nfigurations fe)rine‘rly assigne'el to the* alele)xime's have* te) 
be intcrchange*el. This is in agre'cme'nt with the* more ree*e'ntly eliscejve're'd 
facts. 

Similar re'lationships heild for the* ke'tnxinie'S. The weu'k e)f Me*is('n- 
he'imer has she)wn that in the* Bee*kmann re‘arrange*me.‘iit the* radicals 
which migrate de) ne)t lie e)n the same siele' of the* (’N group. IIe‘re‘, 
also, it has be‘e‘n iiee*e'ssary te) inte*re-hang<' the ce)nfigui‘atie)ns which we're* 
formerly give'ii to the*se' isonu'ric e*ompe)unels. Mills has propose'd an 
inteTesting e'xplanatiem e)f he)w a /ma.s-migration of the* gre)up occurs. 

In the* pree*x*ding se'ctie)ns e)f this chapte'r the phrase* “migratie)n e)f 
the group” has ofte'n be'e'n use'd. Such te'rnis are ge*ne‘rally e'mple)ye*el. 
Mills pe)ints e)ut, he)we'ver, that if ise)lateel me)le‘e*ule*s are* e*-e)nsiele*re‘el, 
and it is re*membereel that in nature* me)me*nt of me)me'ntum is ce)nserve'el, 
then it beconu's obvie)Us that v(‘ry e)fte*n me)st e)f the* movement involve'el 
in a rearrange'inent is not maele* by the* gre)up but by a partieailar ate>m.^"^’ 
In the oxinie*s it is tbe nitrogen atom which probably undc‘rge)es elis- 
placemient. Mills repre*sents this changes as fedle^ws: 
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Kin>l lAnin ot Ui»' Anilide 


With lli(' aid oi sihmi a dia^i'ani it may lx* sixai at- a ^laiux' tliat th(' frans- 
migration is mu(*h more' jirohaliliA 

This formulation of Iho r(‘arran<;(mU‘nt })n)(‘(\ss, however, is o])(‘n to 
certain valid ci'it ic/isms. It must 1 h‘ renu'ml)(a‘(‘d that, the arp^uimait of 
Mills, that th(" total mona'id of moimaitum for a mokaaik' must Ik‘ con- 
sc'rved in a reaction, is tiiie only for a sin.i;ie mok'cuk^ which is far a\v:iy 
iroin oth('r mok'cuk's and from (lie walls of tli(‘ n^action vi^sscd. In tlu‘ 
pr(‘seTic(‘ of th(‘S(' otlna* mok‘cuk‘s no such principk' holds, and thei’('foi‘e 
conclusions drawn fi'om it have only accidcaital validity, l^ven for an 
isolatc‘d mok‘cuk‘ th(‘ us('fuln(‘ss of this jii'incipk^ is veay qiK^stionahle, 
for if tli(‘ onh^ condition of nairran^tanent lay in conserving the total 
rnonaait of mona'iitum tlaai it would Ix' possilik^ to firing about any 
kind of internal r('ai‘rang(‘m('nt oiu^ desinal. Sinc(‘ this is not possible 
it. would v^t'ein that a niou' fundanuaital prineijik' is involv(‘d. 


APPLICATION OF THE MODERN THEORY OF REACTION RATES TO THE 
STUDY OF INTRAMOLECULAR REARRANGEMENTS 

It is now w(‘ll establislK'd that th(‘ factor whicJi in readily d(‘termin(‘s 
wh(‘th('r a mok'cule can or cannot undea’go clieanical naudion is the' 
amount of inteTual e'lU'rgy which it poss(‘SS('s. In concluding this chap- 
tea’ it seaans titling to eliseaiss briediy, in the way which has beem fenind 
te) be se) efleedive in jdiysiead (‘hemistry, the ajiplieaitiein e)f this j)rincipk‘ 
to reaictiem proe*e'sse\s. 

The child data iiseal by chemists in eledeaanining structure are the^ 
type* reaictions ^^hie*h the' moliHaik' undea'goess. In the past the organic 
cheanist lias beam satisfieal witli a knowlealge of the configuration of 
stalde moleaniles, that is, the redative j)ositions of the atoms, anel in some 
instance‘s tliear interatomic distances. This situation, howewer, is ni’’'^ 
changing rai)idly, and at the i)resent t.iino it is possible to understand 
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reactions in a way which was not i)ossil)l(' a v(Ty few years ago. Oik^ 
example will sc'rve to illustrate the point.. 

If, in addition to the relative' positions of the' atoms in a molecule 
and their distance apart, one also knows tlu'ir vibration fn'quencies 
and the h('at of react ion for a elu'mical proe^c'ss, it is now i)ossibl(' to cal- 
culate the ecpiilibrium constant for tlu' reaction. This has been done 
alre^ady for many organic* mokaaik's,^-^ and tlu* ])i‘ 0 (*edui‘e is becoming 
of incH'asing im})ortan(*e not only to those who wish to understand the 
fimdaniental prin(*ipk\s of cluanistry, but also to tliose^ who wish to 
ap])ly them. 

The modcTii theory of ri'action rat es in the foi*m ])i*oposed ])y Eyring,^- 
and api)li(Hl by him and his (*o- worker's to sevea-al reaction proc(‘ss('s, 
procc'eds along (aitirely similar liiu^s. Ac(*ording to keyring, even for 
very coni] )li cat (‘d reai'tions involving one or many mok'cuk's, “tlu'n' is 
some stage* (or stage‘s if it l)e a e*ha.in redaction) whi(‘li is sk)we‘st., and, 
theacfoi'e, is the rate-de‘termining i)roc(*ss.'’ lie* e‘alls this stage* the ae*- 
tivated state*, aiid the* aj‘range*me*nt e)f the* ate>ms in tliis state he^ ck'sig- 
nates as the activate'd (*e)m])lex. A])plying the })]‘inci])]es inve)l\'e*el in 
chemical e'ejuilibria,^'-’'^ if one kne)ws tlie distant* be'lwe'cn the atoms, 
the'ir vil)ration fi'e‘eiue*ne*i('s, anel the* e'lie^rgy of the* a,clivate‘d state* a.s 
comi)a.red with the initial slate*, one* can e*al('ulate the* e‘e)i*re‘s])e)neling 
e*eiiiilibriuni e’onstant. for the* activated e'enupk'X. Since* this com|)k‘X 
decompe)s('s at the rate^ kT/li, the* s])ecific re*action rate, k\ fe)r the‘ icae*- 
liem is given by the e*e]uatie)n 


// - 


y/KhT 

~h 


( 1 ) 


whe*re .'^is tlie chance* that, a me)k‘e*uk*. has e)f de*e*om])osing l)y ])assing 
one*e through tlie* activated state*, and A*, 7', anel Ji are Be)ltznianirs e*e)n- 
stant, the al)solute te*m])e‘rature*, and Plane’k’s ce)nsta.nt, re.‘s})e‘ctive*ly. It. is 
at once o])vieais that sine'e the* ae*tivate‘d e*e)mj>k‘X has a me‘an life of h/kT 
which at rexjui te*mperature* is a])]m)ximate*ly sec'onel it. e*anne)t. be 

isedated anel examined. CV>nve‘rse‘ly, any iidermc'diate ce)mpounel whiedi 
can be isolated e*annot ewe*n re‘me>tc‘ly re*se*mbk* the* activate'd (‘om])k'x. 
If this is true th(*n any evide*ne*e* about re'action m(*e*hanisms e)f me)k*cular 
rearrange*me‘nts which is based u])e)n isolate*d int.e'nm'diate comixmnels 
must be examiiu'el very e*ritically. 

^2iKa.s.st‘l, J. Am. ('hem. SW., 55, i:i51 (Um); ./. Chnn. Phi/s., 4, 4:55 (Um); SmiUi 
and Vaughan, ifnd., 3, 341 (1^35). 

^‘-*2 Eyring, Ihu].^ 3, 107 (1935;; Wyimo-Jonns and Eynng, ihid., 3, 493 (1935). See, 
also, Pelzer and Wigner, Z. i/hysik. diicm., 15B, 445 (1933; ; Wigner, ihul.y 19B, 303 (1933) 
Evans and Polanyi, Tran^. Faraday For., 21, S75 193.5). 

Steam, Ri, and Eyring, private coninninication. 
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Since according to the theory of ('quilibiiurn 

^ RT ^.AS/Il ,^,-AlI, RT 

then we may writer e(]iia 1 h)n 1 in the* form 

h' -= !ll .>~AF*/RT ^ ^AS'/R.^.-AIP/RT (0\ 

' h h ^ ^ 

where 1 and AE^, AS^ and All' arc^ the Hlandarc^ incivases in free 

energy, entro])y, and he^at content, respectively, wheai tlier ae‘ 1 ivate‘el 
e*om])le\\ is forme'd fremi the ivactants. A//' can thus be obtaine^el fi’om 
tJur relation 

AIJ^ ~ KT- -^—7 RT [diffeTcutial form of (2)] 

A//' and k' being known, AN^ can be^ e‘valuate‘d. 

It. is pe)ssil)le‘ in principle to (‘vahiate AII^ aiul A>S^ from s})e(‘tTO- 
se*o])ic elata, but, (‘X(*(‘|)l for a fewv simple reactions, sueh a ])roe'(‘eliire', 
whieh is eiuite^ la])orious, is not at. ])re\se'nt satisfaedeay. The pre'seait 
use'fulness of eeination 2 in e)rga.nic eheanistry, Ihea-edoj-e*, lie's me)re‘ eh- 
rectly in the' stnely e)f rea.(‘tion ine'e'hanisms. It is also to be pointe'el out 
that, foi‘ a syste'in which may unde'rgo eathe^r of tw'e) (or me)r(') re'a.etie)ns 
re'sulting in difh're'nl seUs e)f j>rodue‘ts, it is free^iU'Utly true tlifit AN is 
lU'arly tlie same' for e\ach re'action. This me'ans that the' values e)f 
fur the' twT) ])ossible' reactie)ns A'a and J/n wdiich dete'rmiiK' tlie relatives 
yielels will ele'pernd on facte)rs whieh affect the' value's e)f All fe)r the two 
re^ae*tie)ns. 

Hece'iitly Hi anel lOyring have studie'el the gc'iu'ral pre)bl(an of the 
nitj-ation ejf memosubstitute'd l)e'.nze'ne‘s frenu this peant of vie'W. They 
aea'ept the ge'iie'ral ('X]>kuia,1ion usually advanceel in me)ele'rn e.)rganiei 
e'lu'inistry as to wliy seane substituents are ortho- a.nd 2 >en'a-e)ri(:'nting 
while'. e)th('rs are ?/ntej!-orieniing. it is to 1)0 recalled that this general 
e'xphuiation in\a)lve'S ther following two assumptions, (a) By ineluction 
and re'sonance' effe'cts an ortho- 2 >e/m-orie'nting substituemt make's the 
ele'ctre)!! dc'usity e)n the ce)rre'spejneling caihon ate)nis gre'ate'r than that 
on the' //?c/e;-e‘aii)on ate)in. A mda-onouiing group ae*.ls in the oppe)site 
manjiC‘»*. {h) Substituting agemts are' e'l(H*tix)])hirK‘, i.e.,^-^ e'lectinn-se'ek- 
ing, because' e)f this i)e)sitive' nature. Be'e'ause' e)f this they react nmst 
e'asily with that e'arbon atom wiiich is surroundeel by the great e\st num- 
ber of e'k'ct rons. 

If this ('X 7 )la]iation is e*.orree*t then the' pe'rce'iitage yielels of ortho-, 
mcia-, and 7 ;um-('e)inpe)unels, wiiich of cemrse arc propeirtional to the 

Ri aiui Kyriiip:, .A. CVk nt. 8, 43<i (1940). 

'^‘Ingold, J. Chvm. A'C., ll‘J0 (19:53). 
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corrospoiidin^ roaclioii rates, should i)r()vide a means of determining 
lh(' charge distribution, and he'iice should permit calculations of th(‘ 
dipole^ moments of such molecules from rate data alone. If the momemts 
so calculated agrc'C' with those obseTved experimentally the above', ex- 
planation of the orienting powea* of substitue'nts would have a me)re sub- 
stantial basis, and consequently assumption (h) could be fe)rinulated 
more pre'cisedy. Ce)nv(Tsely, one could also calculate with justification 
the re'lative rate's e)f substitutie)n in ortho-, rnda-, and 7)a7T/-i)ositions 
solety from dijxde moments. 

By making e'.ertaiii assumidioiis Hi and Eyiing have^ doim this 
in the e*ase of the' nitration e)f e'e'rtain me)nosnbstitnte'd be'nzene's. By 
means e)f the same' tre'atme'iit of the* proble'm Steam, Hi, anel Eyring 
have alse) be'eai able to thre)W light eai me'chaiiisms invedvc'd in molecular 
re'aiTange'me'iits. It is fitting at this time to discuss such pre)cesse's from 
this ])e)int ejf vie'w. The' pinae*e)l and Hofmann re*arra.nge'me'nts may be^ 
e*he)se‘n fe)r illustration. 

These inve'stigators are of the opinion that the'iv are two pe)ssil)ilitie's 
for the' me'chanism of the' {)inae*ol rearrange'me'id.. h^ithea the' hyeli‘e)xyl 
gTe)up may first be re'inejve'd, fe)lle)we'el by the' bre'aking of the' bond hold- 
ing the migrating raelie*al, e)r e'lse* the' two bonds in e]U('stie)n l)n‘ak in the' 
re'verse e)r(.le‘r. It se'e'ins the' me)re' ])re)l)al)le‘ that one' of the' ( ' — ()M ])e)mls 
bre'aks first. Io)r symnie'trie'al pinae*e)ls the' twe) C — Oil be)nds are' 
('qiiivak'nl. Tlu're'fore', e'ae'h bemel has the' same' pi’obabilily e>f ru[)ture'. 
If such a rui)ture‘ is the first. })re)ce'ss the'ii (he* ^‘migration aj)litude'" e)f a 
particular group Avill have a significance' inde'pe'iule'id e)f llu' me)leculi' 
as a whede. On the' otlier hand, for unsymine'liie'al ])inace)ls tlie* natur-e' 
of the groups will ele‘te_'rniiiie' large*ly whie*h of tlie' two O — ()I1 ])e)nels 
will break the mejre e'asily. As a re'sult any re'lative' migratie)n a])titue!(‘s 
of these groups will de'pe'nd e)n tlu'ir arraiige'me'iit as we ll as e)n llu ii- 
indivielual proi)erties. In the more iek'alize'd t v{)e‘ case's lyvring and his 
co-workers have piclure*el me)re' de'finite'h^ the nu'e'hanisms for the' ^ym- 
metri(;al anel the unsymrnetrical pinae'ols. Taking fe)r the' purpe»se* of 
illustratiem a me)lee*ule in which the greju})s Hi and lO arc e)f sue-h a 
nature' that Hi is elistinctly more e‘lee*tre>philic than lO tlu'y state that 
fe)r the unsymmetrical pinae*e>I 



on on 

‘^since B .2 is the strejnger e^ku'tron dejne)r, the cai’be)n to whie*h it is at- 


Ri and I^yriiig, uiipublialied resulta. 
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tached will have a weaker bond to its oxygc'n atom than will th(' other 
earbon, and thus as a net result, Ri will rnie;rate ])r(Ml()minantly.* If 
the Ri gi*oups are different but both more ('l('(*t ropliilic than Ro ihon 
the relative amounts of R] groups migrating will (h'jx'iid on the indi- 
vidual hnigration a])titu(le/ It is s('en that such a iiK'ehanism do(‘s not 
preelud(' the j)ossibility of some migration of R^ groui>s. Tlie giv(*n 
conditions nierc'ly assume that the migration of Ri groups predominai-c's. 

V\i> j ('ach C " -Oil l;ond 

OIL on 

has an equal (*hane(‘ of bioaking, and th(‘ (‘lul result will be th(' sa,nu‘ 
\vhi(*h('\’er bond ))r(‘aks. Wlu'u the Oil splits as an ion a.l tlu' point indi- 
(*at(‘d ))y tli(' doU('d liiu‘, taking with it a ])roton from th(' otlua* OH to 
form wat(U’, this will l(‘ave a u(\gativ(‘ charge^ a(‘cumu]at(‘d on tlu* (‘arbon 
atom wlii(‘h n'tains its <jxygen, so that now R^, Ix'ing loss (‘l(‘(*(ro})hirK* 
than Ri, will inigraL' ]U'(‘dominantly. Thus, it. will ha])])(‘n frotpantly 
that in a s^’mnu'trioal ])inac()l om^ group migrat(‘s prtxlominant ly wli(’n‘as 
in the unsymiiKd rical isomer anothcT group und(‘rg(>(‘s the change.” 




‘For the symnudi-ical ])inacols, 


V' 


K/ 
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Introduction. From the time that the student of orp:anic chemist ry 
reads an elementary textbook until the day that^ his contact with the 
science is broken, he will be under the necessity of comparing t Ik* chemical 
behavior of substances having the same or similar functional groups. 
The numb(*r of carbon compounds is so large and so many of them have 
similar reactions that he finds it conveni('nt to r(*late cx'rtain ty])(\s of 
reaction to certain struct un^s or functional groujis. In jiarticular, he finds 
that the principle of homology (‘nabl(*s him to group tog(*tlier large num- 
bers of compounds which b(3iave similarly und(*r sp(*cifi(*d conditions. 
However, he realiz(*s as he progresses be^mnd the most c*l(‘ni(*ntary stage* 
that not even homologs show identical reactions, and isom(*rs may ev('n 
show qualitative as wc'll as quantitative differences in behavior. He 
thus is driv(*n to make* comparisons in the ch(*mical b(*havior of sub- 
stances having similar functional groups. It. is the' purpose* e)f this {*haj)- 
t(*r te) give an analysis of the' rne'theids whereby the chemical re‘action e)f 
ce)mpe)unds may be ceanpare'el and te) note some* of the simpler relatiein- 
ships of structure and e*lie‘mie‘al redact ivity. An atte*mpt will be maele to 
de'fine what tnay he itieani by a stat(‘me*nt that compound A is meav 
^tstable^’ or ‘hvactive” than ce)mpe)unel B, or that raelie*nl A is me)re 
‘hiegative'’ or ^^pe)sitive‘’’ than radie*.al JL 

Brielgman in his be)e)k ‘^Tlie* Le)gic of l\Ie)dern Physics’^ dev(*le)ps 
the the*sis that ^‘'i)hysie*al (a)nce*])ts have me'aning only in se) far as th(*y 
can be de*fined in teu'ms e)f e>pe‘raf ie)ns.'^ Langmuir^ in his presielential 
address entitl(*el ^^Me)dern Concepts in Physie^s anel Their Relation to 
Chemistry'^ be'foit* the American Che*mietal 8e)cie*ty re'f(*rs to the impor- 
tance e)f Bridgman’s thesis and elis(aissf*s its re*latie)nship te) chemistry, 
feir “Scie*n(*e*” might we'll re])la(^e* ‘‘Physie^s” in the* title of Bridgman’s 
book. Langmuir state's that ^‘The pre)gress of moele'rn science depenels 
largely upem (1) giving to words meanings as precise as pe)ssible; (2) 
d(*finition eif e*.oncepts in terms of e)pe*rations; {?>) development of models 
(mechanical e)r mathf*matical) which have propertie's anale)gous to those 
e;f the phene)me*na which we have obse'rvexl.” 

"idle pre'sent chapte*r is an atte*mpt to illuminate steps 1 and 2 of 
this program se) far as it ap])lies te) the comparise)n e)f the* chemical re- 
activity of e)rganic ce)m pounds, for in [)erhaps no e)ther gre)up of phe- 
nomena is it more* n(*ce*ssary that- a statement e)f ce)mparison be linked 
te) the operation by means of which the experime*.ntal data underlying 
the* statement we*re* obtaine*d. 

A comparison of the ediemical r(*activity e)f two or more compounds 
may be made (A) in a system that is at equilibrium or (B) in a system 
that is ne)t at ecpnlibrium. These Iavo aspects of the problem have 

' Langmuir, J. Am. Chem. Sor., 61, 2847 (1929). 
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boon variously diaractorizod as ''affinity and ratos/' "point of oquilib- 
rium and dogroo of mobility/' "oxtont and spood." Tlio torniinology 
is r(‘lativoly unimportant, but the realization of a fundamental differenee 
between the two groups of ph(uiomena is of primary significance. (Com- 
parisons of th(' former type are limited to r(W(Tsiblc reactions which 
under tlu^ conditions of study result in reaction mixtures containing 
calculable^ or measurable quantities of all the reactants. Such com- 
parisons have b(Mm made, for exainple, for the strerngth of acids and of 
bases, the ester and acetal redactions, the' dissociation e)f tlied hexasub- 
stituteel eThanes, thed emedizatiem e>f elikedtones and kete) edste'rs, the 
aelelition e)f hyelrocyaiiic [icid te) aleledhydes, the isemiediization of unsatu- 
rated compounels, the rearrangement e)f halieles, and th(d reddue^tion e)f 
quinones. 

The rate aspect of the preffiledm of the redalionship of constitution 
to chemical reactivity logically is elivisible furtluT into threded se'ctiems 
because of the differeaie'es in the operatie)ns which must be resorte'd to 
in making the' e*e)mparisons. In the^ first ty]>e e)f e‘X])e‘rim(dntation (BO, 
rate's are measure'd unele']- ichnliail cemelitions for the' me‘m])e'rs of a 
grou]) of e?e)mi)ounds. In the^ sede'emd type e)f e'Xj)(‘]im(‘ntation (Bo)^ the' 
severity e)f the' e*e)]Hlitie)ns ne'ce'ssary fe)r bringing abe)ut a. given trans- 
fe^rmatie)!! is de'te'rminc'el fen* the ce)rripe)unels to be' e.*ompare'el. In the 
third type of e‘Xj)e'rime‘ntatie)n (By), the' relative rates ejf simultane'e)us e)r 
eouipetitive reactiems are' de'te'rmine'd (for e'ach e)f the' comi)ounels to be 
cemipare'd) unde'r a staiielard se't e)f enHiditions; actually the' anuanits e)f 
the pre)ducts obtained from each e*e)m})e)und are' usually eletermiiu'd and 
compareel with e'ach otlu'r or with the* ame)unt e)f the* original com])ound 
whieh unelerwe'iit re'actioii. 

Comparisems e)f the re'lative e*he'mie;al re'activity of subs(aiie*('s base'd 
upem the rate's of reactiem might be carrk'ei enit eai any re'action, irre'S])e'e:- 
tive e)f whetlu'r it were reve'rsible' or irreversible*, anel, in fact, many sue*h 
cemiparisems have be'e'n rnaele. The illust ratiems e)f such compaiisems 
given below are* se'le'cte'd because of the care anel etompk'te'ne'ss e'vide'nce'ei 
in the stuely, and pe'rhaps bee*ausei the author of this ehapte'r was par- 
ticularly interested in the results. Many e'ciually merit e)rious ])ie'eHds of 
work have been e)mitte'd be'cause* e)f the lack of space*.. 

Strength of Acids and Bases. TJie^ me)st exte'iisive comparisons with 
respect to the relation e)f structure e)f organie*. eK)mpf)unds te) the'ir che'mi- 
cal behavie)r in a reversible reactmn have been those whiedi we're* con- 
cerned with the strength of organic aciels anel bases. 

The resulting data are so voluminous that no attnni{)t will be made* 
to present them here. However, the range in the strength e)f e)rganic 
acids is much greater than would be indicate'd by the measurements 
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made in water solutions, on wliieli most eoiuputations are l)ased. Con- 
ant has point^nl out that the typi(*al ali])lia1ie (*arl)oxylie a(*id is ])er- 
haps 10“^ as stronp; an aeid as lri})li(‘nylniethane y(‘t a('('tamide in aeetic 
acid is 1(P as strong* as a(*etic acid in water solution. 

Conant and Wh(‘land made a comparison of very weak acids by a 
novel method (p. FVM]) which took advantage' of the' j^artition e)f Na. ’ 
e)r ])e'twe'('n five ae*id ra.elie*als, i.e'., KH -+- + il'II. If a 

give'll 1? give-s up hyelroge'ii to 1C Ihe'ii R is meire' avidie*, i.e'., ne'gative', 
than K/. The e'xcluinge' wa,s e*a.ri*ie*d eiul in e'tlu'r betwe'e'ii sc'k'ctc'el jiairs 
e)f e*ompounels frenn a gi-e)U]) e)f e‘le*^'e‘n we'ak ae*ids. Wlu'tlu'r an exe'hange 
hael take'll ])lae*e' betwe'eai a. given pair e)f coinpounels was ele'te'i-niine'd by 
the ceileir (*liang('s in the e'tlu'r solution en* by ca,i*bona.t ing the nu'tallic 
compound after an o])])e)rt unity for c'xe'ha.nge' liael b('('n allowH'el. The' 
carlioxylie*. ae*id sei foiane'd coukl theai be i.‘^e)late'el and e'haracte'rize'd. As 
a re'sult e)f these comparisons (kaiant anel Whe'lanel ceaie'lueleel that the 
order of iiu're'asing a.e*idity eif the' e'ompeainds studic'el was as feJlk)w^s, 
the ae'idie* hydreige'ti be'ing stai’re'el: 

CGn,CH(CIl3)‘> < ((Vdl.,)d -4'HCII, < ((V>II.>)2CdI, < (CJlrO^C dlCiolIy < 
(ColbOAdI < (C^6lI:>)2tdV\,lTCGlb, < OiCcilO'iCdC < 

* 

{.)][ 

f < ('all/ *A'('n < C'clW’=-=(M’f < (•cir:,('=Cll.> 

c,u/ H'li/ 

Equilibria in Reaction of Hydrocyanic Acid with Aldehydes and 
Ketones. Lapworih and Alatisk<' ' dotcruiiiu'd the coiiccntral ions of 
liydro^'cn cyanidi' at ('<iuilil)rimn in Ili(' forinalion of cyanohydrins from 
aldehydes and keloiies (p. (110), i.e., > ('==-■() + IICN > ('(OHK'N. 
A eonsideralion of tlie ()rocedure wliich IIk'V followed a,nd of liie jm'- 
caulions wliich th(‘y look is inslructive. 'Fhe reaction was carried out 
at 20" in alcohol (00 jicr ci'iit >11, ^ per ciait 1120 ) in the presence of 

triprojiylainini' as a catalyst. Nitric acid wais addl'd to neutralizi' thi' 
catalyst after the coinjiletion of tlie reaction and before the uncombined 
hydro} 2 ;('n c_yanide was estimated by addition of a standard solution of 
silver nitrate. The soluble silver was then estimati'd by titration. 
The (juantity of catalyst (O.M millimole) was small in proportion to the 
quantity of reactants (aiiiirox'imately 10 miliimoli's), thus insuring that 
even though the catalyst combined with one of the reactants the effec- 
tive concentrations at eciuilibriuni would b(' but little modified. It was 

2 (V)nant, Jnd. (Item., 24, 4GG (1932). 

•H oii;mt and Wholiind, ./. Am. (hem. Soc., 54, 1212 (1932). 

^ Lapwortli and (‘oworkors, J. Chem. Sor., 2533 (192S) ; 197G (1930). 
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ascertained that variations in th(' concc'iitration of the catalyst did not 
affect the {!onc(mtration of cyaiiid(i at eciiiilibriurn. That a true equi- 
librium had been attained was shown (a) by the fact that the same 
concentralion of cyanide was found after 0.5 hour as after a day, and 
(b) by the fact that the value of the equilibrium “constant” was inde- 
pendent of the conctmtrations of the n^actants. 

Lapworth and Manske note that “It is evident that errors arising 
out of inaccurate measurements of the concentrations enti'ring into the 
formula for the ecjuilibrium constant are proportionately greatest whim 
any of the three concentrations becomes vi'ry small, and this tends to be 
Ihe case if the cyanohydrin has either a very low or a vi'ry high dissocia- 
tion constant, the former being particularly unfavorable for acc.uracy. 
These considera lions were always kept in mind while deciding the best-^ 
rangi's of concentralion and jn-oportions of constituents to be taken in' 
the series of mi-asuri'menls made with each aldehyde and ketone 
examined.” 

It may be of interest to note in connection with the tabulation of 
results that an aldehydi' or ketone having a value for K less than 0.1 
(10 as tabulated) has a per ci'iit conversion to the cyanohydrin of greati'r 
than 90 per cent whi'n equimolecular amounts of carbonyl comj)ound 
and hydrogen cyanide are allowi'd to react. The j)er ci'iit conversion to 

TABU-: I 


IOfFKCT of Sl BSTITFENTS OX TIIK lOXTFNT Ol’ THE 

Reaction of IIybrogfn Coanidk with Dekix ativeh 

OF Benz ALDEHYDE 


Substituent 

K X 10^ 

AF (keal.) 

None (91)^;;) 

0 47 

-3 1 

n-Nitro 

0 07 

-4 2 

7//-Nitro 

0 27 

-3 4 

?7-N it ro 

1 81 

-2 3 

o-Chloro 

0 10 

-4 0 

'///-Chl^ro 

0 25 

3 5 

yi-Chloro 

0 49 

-3 1 

o-Tvl ethoxy 

0 20 

-3 5 

?n-Methoxy 

0 43 

-3 2 

//-^lethoxy (97%) 

3 12 

-2 0 

o-]l.y(lroxy 

1 ()7 

.. -2.4 

7 //-IIytlroxy 

0 48 

-3 1 

/i-llydroxy 

7 00 

-1 5 

7//--M('thyl 

0 00 

-3 0 

77 - Methyl 

1 03 

-2.7 

2.Me-4-MeO 

2 00 

-2.3 

3-Me-4-MeO 

3.82 

-1 9 

p-Di- Me- amino (71%) 

39.00 

-0.5 



COMPARISON OF chi:mical rkactivity 


1037 


TABLK II 

Il^FFECT OF St rsRTrTFFTSrTS IN IVFTONES ttX TITK FxTENT 
OF THE liEACTION OK THE KeTONE WITH 1 I CN 


R 

CH 3 COR 

Mothyl (97 Vo) 

Ethyl 
n- Propyl 
-Butyl 
Isoftropyl 
/rr/.-Butyl 
Benzyl 

/5-l^h('nyl('ihyl 
'y-Phenyl propyl 

CfilRCOH 
IM<‘t]iyl (IG'V) 
lOthyl 

7/-l*ropyl (7)5 Vo) 

-Butyl 

?^-Aniyl 

'//-Ih'xyl 

lsoj)ro]>yl 
Isohut yl 
Isoatnyl 
Jsohexyl 

trr/.-Huiy] (91 Vo) 

Cyelfihc'xyl 

Phenyl 

Cyclic Kclofies 
Cyelojieiitanoiie 
C’‘yelolu'xaiH>iie 

2- AI<'thyl<*yclo}iexanono 

3- Alet by l(*y<*loh('xaTK)ne 

4- AIc't.h\'leyc*lohexaiione 
Cy(*lohe))taiione 

IMent hone 

3- ]\ 1 C-2-? S(f- Pi - c y (* 1 < )hexanonc' 
Qr-Ilydrinclonc 

or-Xetot.etrahydronai>]ithalene 

Iduorenone 

Camphor 

Anthrone 

Xanthone 


K X 1<>- 

AF (1. 


3 

05 

2 

0 

o 

Gfi 

_ 2 

I 

3 

55 

— 1 

9 

3 

20 

— 2 

0 

1 

55 

2 

4 

3 

10 

2 

0 

2 

15 

2 

2 

3 

50 

__ 2 

0 

3 

GO 

— 1 

9 


130 

4-0 

2 

GO 

— o 

3 

90 

— 0 

05 

115 

-l-o 

1 

130 

+0 

2 

1 15 

+0 

2 

25 

- 0 

8 

155 

4-0 

3 

155 

4-0 

3 

125 

40 

1 

9 

— 1 

4 

40 

— 0 

G 

No rea,c‘tioii 




1 

49 

2 

4 

0 

09 

— 4 

1 

O 

OG 

- 1 

3 

0 

30 

-3 

4 

o 

13 

— 3 

9 

7 

9ti 

-1 

5 

G 

51 

- 1 

G 

GIO 

.0 

4-1 

1 

80G 

0 

+ 1 

0 



4-0 

2 


No appreciable reaction 
No appreciable reaction 
No appreciable reaction 
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cyanohydrin of several carbonyl compounds with an (‘quimolecular 
amount of liydrof!;(ui cyanide has ])een indi(;a1(Hl in j)arenth(‘S('s in the 
tabl(\s. Th(' quantity K is (lu^ dissociation constant, of the cyanohydrin 
into carbonyl compound and hydrocyanic acid; th(U’(‘fore, the higher 
the valu(‘ of K the k'ss th(^ ('xbmt of th(‘ s^mthcdic reaction. 

A consideration of th(' data on the d(‘riva1iv(‘S of benzaldc'hyde indi- 
cates that, the su])stit.ution of a nitro, cliloro, or nudlioxy group in th(i 
or//ie-position to the add('liyd(» group incr('as(\s tlie stability of tlu^ cyano- 
hydrin as compar(‘d with l)(*nzald('hyde. Tlu' nitro, chloro, methoxy, 
liydrox}", and mt'tliyl groups hav(' littl(' or no influence' in the viela^ 
position; in the 7 >e/m-position all (e'xce'pt cliloro) (‘xe'rt a markedly lu'ga- 
tive infliK'iice' upon the stability of the' addition ]'/roduct. Tlu' dimethyl- 
amino group ill th(' 7 ir/rn-positioii gri'al.ly d('cr('as(\s the stability of the 
cyanohydrins. 

The data on the methyl k('ton(‘S indicate that with the excerption eif 
the' isojiropyl greaij) the're' is relatively little' diffe're'iieH' be'twe'e'ii me'thyl, 
ethyl, /^-])re)]\yl, isopreijiyl, ?i-butyl, Jie'iizyl, jflu'nyle'thyl, eir phe'iiyl- 
propyl. The affinity eif tlic'se ke'teme's for the' addition eii hyelroge'U 
cyanide' is marke'dly lowe'r than in the eaisc' of ae*('talel('liyel(' and be'iizal- 
de'hyde. The* jihe'nyl ke'toiu's show a ve'ry low affinity for the* adelition 
e)f liyelre)ge*ii e'yanide*, the ultimate' e'flect Ix'ing noted with diphe'nyl 
ketone which elid imt aelel liyelreige'ii cyaniele* to an ap[)i‘e‘cial)le e*\te‘nt. 
The most striking fae*t breaight eiut ])y the'se* elata on the* jilu'nyl ke'teine's 
is that phenyl iseijiropyl ke'tone' and jihenyl /cr/. -butyl keteme have* the 
highe'st affinity feir aelelitiem eif hyelr(.)g(*n cyaniele* of any e)f the* ke'teines 
stuelie'd. This is surprising be'e*-ause the* se'e*.onelary anel te'rliary alkyl 
radicals aix* in se‘Ve*ral re'aclienis mem* like* the aryl radicals than are* the 
primary alkyl greaips. 

The data on the cyclic keteme's ap])are'ntly sheiw that the cycloiie'ii- 
tane ring ine!re'ase*s affinity feu* hyelroge'ii e*yaniele aeldition as cemtraste'd 
with the ceuTe'sponeling e)])e*n-chain ke'tone, while* the' e*yede)lu‘xane ring 
inat.e'rially inci-e'ase'S fui’t he'r the* temde'iicy for addition e)f hyelroge'ii e*y^a- 
niele. The se've*n-me'nibe're*d ring in e*yle*,<)he‘ptanone' shows a le)W stability 
of the cyanohydrin while the^ either e*ye*lic ke*teine‘S studieel show a very 
much lower affinity feir aelelitiem of hyelrogen cyaniele than would sat- 
urated open-chain compounels. 

Oxidation Potentials. Tho re'lative' stre'iigt.hs as oxidizing agc'uts e)f 
many quinones have lie'e'n de'te'rmiiu'd. The strength eif a quinone as 
an oxidizing agent is usually ex])resseel in volts with refere*ncei t.ei the 
potential eif the normal hyelrogen ele'ctroele'. The larger the*, value of 
the ^ffixidatiem^' or ^ffixidation-reduction’’ potential e)f a eiuinone' the 
more powerful is the' quinone as an eixielizing agent. The reduction of 
a quinone to a hydreiepiinone is a strictly reversible jiroce'ss, and an 
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aquooiis solution c*ontaining apjmH'iahle quautitius of th(' two substances 
and a fixed hydrogen-ion eoncc'iit ration establishc's a definite and ac- 
curat.el}^ determinable potential at a plalinum (‘leetrode. The values 
for typical (luinoiK’s tuv: di|)heno([ulnon(‘ 0.95, />-b('uzo(iuinone 0.71, 
l,4-na})hthoquiTKme 0.48, and 9,10-anthra(iuinon(‘ 0.15. 

These four (piinones difha' V(Ty grc'atly from one anotlun as oxidiz- 
ing ag('iils. lor examj)le, if e(|uim()Ieeular amounts of /;-b(mzo(iuinon(‘ 
and 1 ,4-diliydroxynaphlhal(m(‘ were allowed to redact Oitav would be at. 
e(|uilibrium only one mol'cul^ of p-lxmzofpiinone for aj)proximat('ly 
10,000 m()leeul(‘S of 1,4-naphthoquinone. 

Th(‘ simple ket one's and ald(‘h3al(‘s appear to 1)e sonu'wliat similar 
to 9, 10-ant hraeiuinoiK' as oxidizing agemts.'* Th(‘ir oxidation })otc‘ntials 
cannot be asceu'tained by dir(‘ct. m(‘asurem(‘nt at a hydi'oge'n-platinum 
ek'ctrode, but tlu' value's can be eal(‘ulat(‘d from th(‘ (H)ncent ration at 
equilibrium in such a sysie'in as 

U^Ci)+ R.^CdlOII IL>(dI()Il + R.ro 

wheax' anthraeiiiineme, for example*, and UUX) is the^ ke'toiu' 

wlie)se' oxidation })olential is eh'sire'd. 44ie i‘(|uilibrium may be' e‘siab- 
lislu'd in the* ])ix'S('nee‘ of aluminum /e'r/.-bute)xide' at ()0 lo SO'^. By this 
iiK'thod, the* oxidation ]’)ot('nlial e)f beaizalelehyde* was found to be' 0.20, 
(*yclohexane)ne 0.19, ae’eTeaie* 0.10, and eximphor 0.11 volt. 

Heats of Hydrogenation. The' relative redact ivity of a se'iies e)f 
cojnj)e)unds fre)m the* the‘rme)elynamical stanel[)e)int may be* me'asiux'd by 
means e)f the* e*e)nce'ntrat ieais at I'eiuilibi'ium, as illusr]-ate*d abe)ve‘ for the* 
aeielition e)f hydT'e)ge*n cyaniele, eu* by the ele‘te*rmination of the* })ote'ntial 
se*t up at an e*le'ctiXHl(‘ as in the* case* ejf the* (iuinone*s. Ane)tlu*r metiu)el 
of me'asiux'me'iit de'pe'Uels upem a kne>wle'dge‘ e)f the lu'ats e)f re'actieai 
ce)uple*d with the* use eT the heat e*apacities of a se'rie's e)f c*ejmpe)unds and 
the* third la\v e)f thermoelynamie*s. 

One e)f the me)st ])re'ease and signifie*aiit stuelie*s in ix'lative reactivity 
by the latter me'the)d is that, e)f Kistiakowsky anel liis asse)e*iate*s.^ Tlie'y 
me*asure'el diix'ctl}" the he'ats e)f liydre)genatie>n e)f many ce)m})e>unds by 
e*arrying out tlie* re*ae*tion caialytie*ally in a cale)iime'te'r. The fe)lle)wi]ig 
ce)niparise)ns are' statc'd in terms e)f — A// at 355'’ Jv in kilogram calories. 
The value's fe)r ethyle*ne', l)ute*jie'-l , and l)ute'ne'-2 are 32.0, 30.3, and 28. 0, 
re*speetively, thus inelicating the ele*cre‘ase* in — All with increase in vsub- 
stitutioii. A deaible bemd in e'onjugatiem alse) ek*e*ix‘ase's the value e)f 
— AIL Fen* exam])le', the* hyelre)ge*nation e)f one* ele)uble bemd in buta- 
dien(^-l,3 gave a value e)f 20.7, whiles the value*, fe)r biitene'-l is 30.3 

^ Buker and Adkins, ./. Am. Chi m. Sue., 62, 3305 (1910). 

« Kistiakowhky d a/., ibid., 61, 1S08 (1939). 
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The most striking o})scrvati()ii was that the A^aliie of — All for the addi- 
tion of one mole of hydrogen to benzene was +5.6. Tliat is to say, the 
saturation of the first doiibki bond in benzene is an (indotherniic reaetion. 
The value of —A// for second st('p in th(' hydrogc ‘nation of benzene 
is —26.7, while the third st('p gives a value of —28.6. 

The data given above are intended in(‘rely for illustrative purposes 
since the original papers (191)5 to 1939) are so valuable that they should 
be r(\ad by anyone inteux'sted in the relation of structures to tlu' reactivity 
of the (sarbon-to-(sarbon double bond. 

Equilibria in Enolization. Conant and Thompson have augmented 
in a very significant way our knowledge^ of tlu^ n^lationship of structure 
and th(^ extent of enolization of /3-kelo esters and +diketones. They 
^hneasurc'd direelly the ecpiilibrium betweeai a kc'.to and an emol isomer 
in the gaseous phase' (at low pre'ssure's), and thus ol)tain('d the fre'e 
energy referred t-e) the gase'ous state' (AK"^ = — /ii*T In 7v). 

^‘Since' th(' inte'rcon version of the' two isonu'rie^ forms does Jie)t pro- 
ceeel dire'ctly in the gas(M)Us phase, it ‘was ne'eu'ssary to use the' liepiid 
phase as a go-])etween, as it w(‘re'. This was ace*ennplish(‘d by ke'eping 
an e'ciuilibrium mixture of the' ke'te) and enol feams i\i a give'ii tempera- 
ture and nie'asLiring the compe)sition e)f the vaj)or in e'e|ui]ibrium with 
this mixture. Che'inical and i)hysical eepiilibrium etonditiems were as- 
sured by introducing a small amount. e)f solid bariinn hyelroxide^ as a 
catal 3 ^st and agitating the' liciuid sufficie'iitl}^ to ke'e'p renewing the' sur- 
face in contact with the' gas phase'. The ceanposition of the gas phases 
was determiiK'd b^" withelrawing it at ve'iy low ])re‘ssui‘e (without, con- 
de'iisation) to a nem-e’atalytic re'e*('iA’er at. — <S0° (k wheiv it was conde'iise'el 
without iseane'rizatiem. It was then analyze'd by the usual brominej 
titration method. The' re*sults are* summarize'el in Tables 111. 

''A stuel}^ e)f the' data she)ws that the re'gularities in the fre'e' energy of 
enedization referred to the gase'e)us phase' are' fe)r the me)st part lacking 
wlu'n the liquiel-jdiase value' e>f K is e‘mple) 3 a'el for e*ale*ulating AF. 
Thus, the larger differe'iie^e Ix'twe'e'ii ae'etoacetic e'ste'r and its alkyl deriva- 
tive's (ineduding Ix'iizyl) is maske'd l)y the disturbing solve'iit effects 
which he're* are e)f the^ onhr of I kcal. In the* sejie's e>f alkyl de‘j*ivative\s 
themsedve's, the gaseous-})hase re^sults shejw the' e'sse'iitial similarity e)f the 
ethyl, ? 7 -propyl, anel r/-butyl ce}nipe)unels (AF == 1 .2 dz 0. 1 keaiL), and the'ir 
definite but slight difi'erence from the ise)propyl ele'rivative (AF = l.() 
kcal.). It is inte'resting that the fre'e' ene'rgy of enedizatlon, as dednrmined 
with a dilute* he'xane* se)lutie)n, paralk'ls the gase'e)us re^sult cle)se'ly. If 
further investigatiem she)w^s that this is t.rue' fe)r a larger variety of sul)- 
stances, it would be a niatten of some practical as well as theoretical 

^ C'onaiit and Thompson, il/id., 54 , 4044 (1932). 
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TABLIC III 


Extent of Enolizatton 
and Thompson) 



(laM'ous State 

Pure 1 

atpii 1 

In Cell It 

(0 1 2/ 

8u] Kslaiire 

— _ — 

— 

— 

— 


— 


^ Eaiel 

\F 

^ ,, Enol 

AF 

< r.n. 1 

AF 

CIT,COC}bCC)AMr.M . . . 

51 

-0 1 

(i 

1 0 




*ie> 

0 1 

cS 

1 5 

49 

0 0 


] \ 

1 1 

-1 

1 9 

11 

1 1 

CII:i(:()CIf(C.Il!,)C()2(VHf,. 

10 

1 3 

3 

2 1 

It 

1 1 

cii:)(X)cn (?(-Cbn7)(,^< 'd i.-,. 

13 

1 1 

7 

1 5 

M 

1 1 

CM 1;{C()C1 1 l7)C( UMII:, 

0 

I C) 

5 

1 S 

() 

1 (> 

CIECTXMip<-C,Il,)(M)o(\,n5 . 

11 

1 1 

0 

1 (•) 

10 

1 3 

Cll 3 C(.)C'II(.svr.-(M !.,)( 'O.jC.il i., 

9 

1 1 

8 

1 -1 

9 

1 3 

Cll30OCIl(Cf,ll6)('()..(\ll;, . 

so 

-0 s 

30 

1 0 5 

07 

1 -0 4 

Cl IX’OCdl (C 1 !•..( 'c.l lt,)C O.t lie 

12 

1 2 

5 

1 8 

12 

1 2 

cn,cocii..C(>cii;i 

92 

-1 3 

78 

-0 7 

92 

-1 3 

ClI:i('OC'll(Cn,i)C( . . 

•n 

0 1 

30 

0 5 

59 

-0 2 

Cll.tCOClKC.dk.K'OClI,, 

35 

0 3 

2ti 

0 0 

20 

0 0 

ClIiiCOCI I (Cl I-jC'd UK'OCI Is 

70 

-0 5 

01 

() 25 

t;s 

-0 5 

CH(C()..CII:i)3 .... 

12 

1 2 

1 

2 (> 



Ccibcocii.cocn:) 



99 * 




C.V.IIb(XHTU(Mh)( OCMI.5 



() * 




CnITb(X)ClI,C'CCdlb 



100 




CfilhCXXML(Cll;0(:(XVib . 

L' 


0 * 





Tlu‘pe vului's are fioiu Dtlior HourecH. 


iini)()riun(*(\ us there ar(' u imniber of compounds which cannot ])e well 
studi('d by th(' ^as('ous-pluisi‘ method. As thos(‘ familiar with Kurt 
Mey(a*'s work kjiow, hexa-iu' is the solvc'iit which most favors (‘iiolization. 
Ojie may suppose thal in this solvent w(' aw. most closc'ly approaching!; 
the p;as condition, as tlu‘ mutual atti-actious of the keto and enol forms 
are diminished by diluti<.)n, and the saturated h^'drocarlKUi has but 
slight molecular attract iv(^ forces.^^ 

Equilibria and Rates in Three Carbon Tautomerism. Among the 
most important and interesting studies on chemical reactivity are those 
having to do with tlie relationship of structure to the rate and extent of 
reaction in thre(‘ carbon taut.omerism (]). 1018): 

— C-CWC— A — C=-C~~C— X 

III III 

(i a y ft ot 

R. P. liinsload has bet'ii so kind as to summarize in Table IV some of 
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TABLIO IV 

Mobility and EgiriLinRiA in Three Carbon Tattomertsm of Certain A(’idf 

Cyanides, and IOsters 
(Compiled hy II. I’. Linsleiid) 


Name of fv,/7- 
Compoiind 

IX 

Siibstil ueiits 

/I 7 y' 

E(|Hi- 
lihi ium 

Com])d. 

Alobil- 
it.y or 
Rate 

( )l )s('rv('rs 




Aeids 

(.V - 

CO., in 



(.4’ot,oiiie 

11 

11 

11 

11 

9S 

V. bij»;li 

1- ;m.l Nohic’* 

7/-Pentenoic . . 

11 

11 

Me 

11 

0<S 

9 8 

L. and Noi)le 

7/-IIexenoi(* , . . 

II 

11 

ld> 

11 

74 

0 0 

L. and Noble 

cx Methylpcmtenoie . . . 

Me 

11 

Ale 

11 

81 

7 0 

( loldberj>: and L 

a-M('ihylhexenoi(* . . 

Me 

11 

Id. 

11 

89 

IS 8 

Kon, L., and Alae- 








bainan 

)3-M(‘t4iylp('ntenoie . . . 

11 

Mo 

Me 

11 

28 

0 (i9 

Kon, L.,and V rip^bt 

7 -AIethylpentenoic . . 

ll 

11 

M(‘ 

Ale 

22 

1 5 


/3-Kthylpeiitenoi(* . . 

11 

I'd 

Me 

11 

21 

0 (M 

Kon, Eeton, Parsons, 








and 

7 -J hylfH'iitenoie . 

11 

11 

Ale 

El 

22 

2 1 

L. a,nd Mann 

a',/7-Dimetl\yl])enleiioie 

Me 

Me 

Me 

11 

72 

0 12 

Kon, L , and Mae- 








b'nnan 

a-Methyl-d-diyljK'ii- 

Me 

Kt 

Ale 

11 

50 

0 005S 

1 K('n, beton, L., and 

t(*noie. 







1 Parsons ''' 



C' 

yanid 

ns (A' 

- (dN) 



lUitenoie. . . 

j'll” 

11 

11 

11 

((t 98 , 

y. Juf>h 

L('teh and E.'"’ 

7/-lI(*xenoie 

11 

11 

I'd. 

11 

80) 

920 

L('leb aj'id L. 

/:1-Metliylj)en(eiu)ie . . 

11 

Me 

Me 

11 

cn 99 

V. liiji^l) 

Kandiali and 

- M ('thy] ] )en t ei u )i e 

i 11 

11 

Me 

M(‘ 

21 

170 

K<deb and b 



I'd by 1 Esters (A 

- c<si;t) 


7I-lI(*X(‘lloic . . . 

if” 

11 

I‘.{ 

11 

o/ 92 

1 52 

Kon, b., and Alae- 








b’linan 

tt-Methjdhexenoic . 

Me 

11 

I'd. 

n 

95 

151 

Kon, L., and Alae- 








lennan 

)3-M et hyl j)eiiteii()ic . . 

ir 

Me 

Ale 

11 

75 

2{; 

Kon, b., and Alac- 








le.nnaii 

7 -M('thylpentenoif* . 

11 

11 

Mo 

>Sj 

<n 10 

llijrh 

1J7 

Qr,/3-Diirietli_ylj)eiit('iioi(* 

:Me 

:Me 

Ale 

H 1 

91 5 

2 

Kon, b., and Alae- 





1 

1 



IfMinan 


^ Linstoad and No])lt‘, Clu tn. Soc., (114 
^ Goldber#^ and Tdn.‘,toad, ?7nV/., 2.vl.4 
Koii, Liiistead, and Maclcniian, 2 ir>Li (1922) 

Koii, Liiistnad, and W ihuL, 599 (19.‘M). 

Taiistoad, ihid., 1(102 (1920). 

Kon, T.et.on, Jiinstcad, and I’aisons, ihid., 1411 (1921). 
Linstead and Mann, 'ihnL, 2004 (1920). 

Letfh and Tanstoad, d>i(L, 442 (1922). 

Kandiah and Linst<*ad, ihid., 2129 (1929). 

Tanstead, ihid., 2498 (1929). 
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the more sif»;nifieant inniKa’ieal results of the>se studies which have to do 
with the behavior of ac'ylic compounds where X is CO()“, CN, or 

1110 acids weie e(iuilil)raled in aqiu'ous solution in tlie prescaice of 
exc(\ss alkali at The (yanid(‘s and ('stcas w(‘re equilibratiHl in 

an alcoholic solution usin^ sodium ethoxide as a catalyst at 2.")°^'*^ 
Th(' analytical method was that d(\s(‘ril)ed by Linstfxid and Alay aiul 
depcmds upon the dinV]*enc(' in the ease of addition of iodine to alkcait' 
linkages in th(‘ as contra-stcnl with lhos(' hi the (v,^?“])osition. 

Th(^ data, in tla^ tabk* ma.ke‘ it ckxir that at (‘(|uilil)rium unsubsti- 
tutcal acids exist almost (aiiir(‘ly in tlu' a,l3-{oym. One y-siibst itiaait. 
is (‘ss(‘ntial to ^'iv(‘ som(‘ l'<,y stability whik^ a second y-subst itiuait nuikes 
the )3,7“'unsa,tu rated conqiound the major comporuad of the (‘(luilibrium 
mixtui*(‘. /J-Substituthai fa\'()rs th<‘ /i,7-pluis(‘ but, not so powi'i'fully as 
d(H‘s 7-substitution, d'lu' ^{‘lU'ral efhad of tti(‘ position of subsl itiuaits 
upon th(‘ pj’oportion of tlu' tautoni(‘rs is th(' same in the thr(‘e typ(\s of 
compounds inv(‘sti^at(‘d. lI(n\(‘V(‘r, in c(‘rtain cyclic acads th(' 7-form 
is fav()r(‘d, 80 jxa* (*ent /J,7 for cyclo])(aitylideneac(‘tic acid, 88 ])(']’ 
C('nt. for cycloh(‘xylid('ii(ai(‘(hic acid, and 67 ])('r (‘ent. for cycloheptyl- 
iden(xi.c(‘tic acid. 

/i- and 7-su])stitu('uts Inn e nuuh the same effect in ketones as in 
a,cids and (‘ste'rs, but an o-aliyyl ^rou]) causes not only a gre^at diminution 
of mobility but also a. ])ronoun(*(‘d shift in (‘(juilibrium towards the 
/^,7-fo]'ni. Th(‘ cyeTic ketoni's show nanarkabk^ diffeu’eaicc's; for (‘xamjilc', 
Kon obs(‘r\'('d 77 pea* (‘(‘ut ix,(i for cv(*lo})('ntyrKl('n(ai(‘f‘t()n(‘, 23 ])er cent 
cvjfj for cy(‘lohe\yh(k‘ii('a,c('ton(‘, and 10 jxa' ceait, a, 13 for cyclohejhyli- 
deiK'a.cetone."^ 

Then' is littk' oi* no corn^lation bcd-wexai the rate' of taut om(M*izat ion 
(mobility) and th(‘ ewtent of the* r(‘a.ction. Alkylation on the' /3-(‘arbon 
d(‘cr(xis(\s tlu^ mobility, while* o-alkylation ]U’e)duc(‘S an (‘iioi-mous slowing 
in a,n alre*afly lu‘avily alkylat(*el systean but, not otheiavise cxce])t in the 
k(‘tonc‘S. It sheiulel be* neite'el that certain /^^-aikylal ( m 1 subst.ane*e‘s show 
an e'xce'|)ti()nally hi^h meibilily in aciel but- not in alkaline media,. This is 
attribute*d by Jdnstead to the* reaulily re*vei-sible^ addition of acid anicuis 
to a earbon ateim of the* tvjK* 

Unsa,tui‘ate‘d a,ciels tautome'rize* hi the* absence* of add(*d reagents at 
tem])e‘ralure*s ne‘a,r the‘ir boiling jieiints by what apix'ars to be an 
intramoleeailar re'actiein.^ Spe'cial precautions must be taken in order 
to insiu'e*. that a p]*e‘i)aration of an unsat urat(*d compound is homogeneous 

Limsee'ati, J. (Ik ni. Sor., 13579 (19137). 

Koii and I in^U';ld, ihttL, 12(>9 eH^l39). 

Linstoad and Muy, iI)kI., 135()5 { I9i'7). 

Kon, tbid.j ICK^ (19C>0); Anu. AV;X.s‘, Chem. Sac. {London), 27, 1.38 (1039). 



1044 


ORGANIC CHEMISTRY 


and not a mixture of taulom(irs. During the period of equilibration 
it is necessary to guard against the formation of lactones, ethoxy esters, 
and oth('r products. 

Slioppee has studied the effect of substituents in the diarylpropene 
and diaryhnethyleneazomethine sei-i(\s. 

RCoH4CH=Cn— CIToPh ^ RCJIiCH.— CH-=CHPh 
RCrJT4CUI=-N-^Cll2Ph RC\>Il4CTl2— N=-CHPli 

1 II 

With resp('ct to the mo])i]ity of these systems he ^'has shown tliat the 
variants R in either the 7)1- or yj-position fall int-o tlu' serial order 
Me2N < Me < MeO < I < Br < (d < N()2, which is also the ordc'r 
of th(^ di]K)le moments (Chapter 21)) of the coinixmiids K -CVJC—.” 
The mobiliti(*s of the six halides w(*re similar, (>.8 (7//) to 10.7 (y;), the 
methoxyls 0.6 (m) to 2.5 (y^), ihe methyl ().»> (?//) to 1.1 (//), and thr^ 
dim(‘thylamino 0.05 (fn) to 0.(5 (p) for m{‘thyl(‘nea.zoineihint‘ .s(u’i(‘s. 
With res])ect to the proportion of the isomers at eciuilibriuin, Sho]i])(‘(' 
foimd that the ])('rcentag(‘ of the 1 isomer for tlu' latter seri(\s was for 
various substitucads as follows: NO2, 68 pea* (*(‘nt; AhsN, (55 jx'j- (*ent ,* 
Me, 60 pea* c(ail ; MeO, 55 per ccait ; I, 42 })er (xait; Br, 5(5 per (aait; Cl, 55 
per cent. 

Equilibria and Rates in Esterification and Alcoholysis, The nda- 
tlon of the structure of the alcohol and the acid to tlu^ rat(' and c'xtent 
of estcaification has been (a\tensiv(*ly studied. Th(' comparison of acids 
with respect to thcar relative rates of n^action with a given alcohol is 
not a simple one, sinc(^ the rate of the esterification naudion is a function 
of the concentration of th(^ catalyst and the catalyst is the acid or one of 
its dissociation iiroducts, the solvated proton. In other words, wIkui 
the ratc^ of esterification of t.wo acids is mc'asunal tlu^ resultant rate con- 
stant is a function not only of the rate of reaction of tlu^ acid but also of 
the activity of the acid as a catalyst for its own esterification. Since the 
rate of (?sterification, over certain ranges of conc(‘nt ration, is propor- 
tional to the hydrogen-ion con<;entration, it is possibles to (calculate the 
rate of reaction to a standard hydrogen-ion con(;ent-ration. 

The data given in Tables V and VI an' from th(' pa])ers of Menschut- 
kin and indicate the relative? rate's of reaction e)f vjuious alcohefis and 
acids without added catalyst. The rei-arding effe'ct e)f branching of the 
carbon chain shown by trime?thyl- and diinethylethylacetic acids is even 
more marked in the 2,6-disubstituted benzoic acids, which do not react 
with alceihols under any known conditions. 

22 Shopp(‘o, J. Chnn, Sue., 1117 (IIKIS). 

23 Meiibclnitkiii, Ann. chim. phys., [5J 30, 81 (1883). 
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TABLE V 

Amount of Esterification of Various Alcohols by Acetic 
Acid in I Hour at ISS"" 


Primary 

% 

Secondary 

jO 

Tiadiary * 

yO 

Methyl 

55 6 

Diinethy lc<Mrl liiiol 

26 5 

Trimothylciirbinol 

1 4 

Ethyl 

46. 9 

M eth y 1 ('t 1 1 y 1 < • ii rl )i i lol 

22 6 

Dirru'thylct h ylcarbiiud 

l) 8 

Propyl 

4() 9 

Methylhcxylcnrhinol 

21 2 

Mcthyl(li(*tliylcarl)iiiol 

1 0 

ri-Butyl 

46 8 

M('tliyliso])ropylcar})iHol 

18 9 

1 )irnot liylpropylcaibinol 

2 1 

n-Octyl 

46.6 

Diethylcarhinol 

16 9 

Dimet hy lisopropylcarbinol 

0 9 


^ Deliydialion also takes pla<*e. 

TABLE VI 

Amottnt of Esterification of Various A<tos by Isobutyl Alcohol 

IN 1 Hour at 155"" 


Formic 

61 

7 

Hiityric 33 3 

<»'-McthyIlnityri(‘ 

21 5 

Acetic 

44 

4 

Caj)rylic 30 9 

Oh iincthyla(*c1 ic 

8 3 

Propionic 

41 

2 

Isobut.yric 29 0 

Dimet hvl(‘thylac('Rc 

3 5 


The extent of the' ix^acrion was 65-70 per (‘(ait- for the j)riinary alco- 
hols, 50-60 per crui for secoiuUay alcoJioIs, and l(‘ss than 5 per ct'iit for 
tertiary alc'ohols. Tlie exUait of read ion of an alcoliol and an acid in 
a hoinogcHieous system is not niodifi(*d by <h(‘ catalyst or, ('xc(‘pt to a 
slight extent, by the t(Mn])(‘rat.iire at w'liich the reaction is stndi(‘d. How- 
ever, th(' difft‘renc(^ ])(‘tw('('n th(‘ ('xUait of reaction of (‘thyl alcohol and 
acidic acid in the licpiid phase (67 jier ccait) and over sili(‘n p;el is striking. 
Reid givTS for thc' lattc'r the followint*; fii>;iires: 150°, 85 per c(‘nt; 200°, 
83 p(‘r cent; 250°, 78 p(‘r ci'iit ; 300°, 75 pea* cent. 

The equilibrium constant for various alkyl groujis (R) has betm 
calculated for the alcoholysis naiction, 

PvOlI + AcOMc' ^ AcOR + AIcOH 

and the relative valuers found to lie similar to those for tlie estiuafication 
reaction, 

ROH 4- AcOH AcOH + IhO 

Th(^ values of the equilibrium constant for various alkyl groups in alco- 
holysis are as follows: 2-ethylh(‘xyl, 1.02; methyl, 1.00; 7/-amyl, 0.95; 
'/i-heptyl, 0.77; /i-dodecyl, 0.71; 3-phenyl proiiyl, 0.69; ethyl, 0.66; 
.vcr.-amyl, 0.64; r^^-biityl, 0.64; /^-projiyl, 0.62; ,src.-heptyl, 0.5; 2-octyl, 
0.46; isobutyl, 0.44; 2-phenylethyl, 0.42; allyl, 0.38; benzyl, 0.35; iso- 
propyl, 0.30; cyclohexyl, 0.32; and wr.-butyl, 0.28. The corresponding 
value for hydrogen (0.19) is less than for any of these alkyl groups. 

Felilandt aiul Adkins, J . Am. Chcin. Soc., 67 , 11)3 (1935). Hatch and Adkins, ihid. 
69 , 1694 (1937). 
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Thc'ic is a Yvry groat differ(‘iico botwi'cn primary, sociondary, and 
tertiary alcohols and the halogen acids on th(' one hand and the car- 
boxylic acids on the otluT. The (jrder of increasing rate of reaction of 
the alcohols with the halogc'ii acids is: primary < s('(H)ndary < tc^rtiary, 
an order which is th(' r(‘V('rs(} of that observc'd for acetic a(dd, for exam- 
ple. This is illnst rated by the well-known fact that hydrochloric acid 
does not react at. a measurable rate with /i-biityl alcohol at room tem- 
pcu’atures, y(*t /cr/.-butyl chloride is formed almost instantly and in 
high yield from /cr/.-biityl alcohol und(‘r the same coiidilions. Ac('lic 
acid H'acts more slowly and to a much less ext rad, with /rr/.-butyl than 
with ?/-butyl alcohol. Tlu^se facts may b(^ rationalizral by assuming 
that with ac(‘tic acid the hydrox^d group entc'ring into th(‘ formation of 
water comc'S from the acid while with hydrochloric it must comi* from^ 
the alcohol. Tluav is reason for believing that the hydrogcai of tlu'^ 
hydroxyl of a ])rimary alcohol is more rapidly r(‘i)lac(^d tlian that of a 
t(U*liary alcohol, while the hydrox^d of a tertiaiy is more rapidly r(‘plac('d 
than that of a primary alc-ohol. 


() 


BuOlll + jl()i-(Xll3 


BuO 


() 

i! 

(Xdl, + \W 


JUi|()lT+ IljCl BuGl + Ih>() 


Equilibria and Rates in Formation of Acetals. TIk^ concentration of 
the ald(‘hyd(' at (X]uilibrium has becai d(d.(a’miiied in th(‘ formation of nioi'e 
than a hundrc'd acfdals.-^ A s(‘l(‘ction from th(‘ data so obtaiiK'd with 
resp(‘ct to acetald(‘hyde and tcdrahydrofurfiu'al is givcai in Tabl(' MI. 
If lh(* b(‘havior of (dhyl, pro])yh butyl, j)entyl, and h(‘ptyl alcohols with 
acetald(*hyd(', propionald(diyd(‘, biityrald(‘hy(h‘, or h(‘])(ald(‘hyde is ac- 
cepted as a standard then tlu* per cimt conversion of th(‘ straight-chain 
aldehyde with tlie straight-chain primary alcohols is 80 per ccait for 1 
mole of aldehyde' to 5 moles of alcohol. Similarly, for 8 ac(‘tals fornu'd 
from simple akk'hydes and the secondary alcohols pro})anol-2, butanol-2, 
pentanol-2, and octanol-2, the average per cemt. conversion at ecjuilib- 
rium wxas 40 per (vnt, wdiile twT) tertiary alcohols gav(‘ a coTiveTsion of 
about 20 per cent. The effect of various structures upon the' ext(‘nt 
of reaction is showm by the figures in Table VUl which indicate' the 
divergence of the' pe'r cent conversion actually e)bserv('d from the value's 
wdiich were note'd as characteristic e)f the simi)ler aldehyele's anel alcediols. 

The figures in the first cedumn of Table' VllI re'veal the fact, that 
substitution of methyl gre)ups in acetalde'hyele re'sults in a greatly low- 

25 ](>aUinK r(‘for(*nfes to woik of Adkins, K. W. Adniiis, Ilnrtung Strot't, Broderick 
Minne, and Dunbar, sec i/nd., 56, 442 (1934). 
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TABLE MI 

lilXTFNT OF Rf^CTTON OF AfDEUYDKB AND AdCOHOLS 
(f) Moles Ahoiiol to 1 Mole Aldfiiyde) 



Aetdaldeliydt' 

Tetrahydn)rurrural 

Alcohol 



— _____ 

— - — 


< ’ 
l! 

K 

( ' 

( 

K 


Cdon version 


Convt'rsion 


3-rh(Miyl])i<)])3'l 

b(i 

13 3 

1)5 

1) 5 

7<-()ctyl 



1)5 

1) 5 

7/-lF)(l(‘('yl 



1)0 

4 0 

?(-P(*Lt\l . .. 

dd 

(i r> 

SO 

3 5 

2-Pheiiylotliyl 

♦ >2 

5 4 

81) 

3 5 

?/-]Iepfyl 

112 

5 4 

1)5 

1) 5 

r/-Btityl . 

SS 

3 1 

80 

1 I 

lsol)ut\l 

ss 

3 1 

78 

1 2 

Methyl 

S7 

2 1 

SO 

2 3 

i:thyl . . 

7S 

1 2 

71) 

] 

2-Io(l()(‘t liyl 

78 

1 2 



7/-Pr<)])y] 

7t» 

1 1 

SO 

1 1 

2-Chl()roelh>] . 

7ti 

! .1 

70 

• 1 1 

2-I'hhoxyethyl 

71 

0 1)1 

71) ' 

1 3 

Benzyl. . . 


0 1)1 

71) 

1 3 

Allyl* . 

1 73 

0 84 

72 1 

0 77 

2-P>roin()ethyl 

1 71 

t) 71) 



Cy(*l()hexyl(*i(?l n < 1 

! 7(; 

0 2(i 



Cyclohcxar'oi 

r)() 

{) 2t; 

SS 

3 1 

PeTitanol-2 . 

53 

0 23 



Butniiol-2 . 

4ti 

0 13 

05 

0 47 

Oc1aii(>L2 

■It; 

0 13 

1)0 

4 0 

l’r()jKnu»l-2 . 

31) 

0 10 

41) 

! 0 17 

/er/.-Biit vl 

23 

1 

0 02 

38 

0 07 


TAHI.E VITI 

COMPAUISONH IN A(^ETAL FORM ATION 


Aldehyde 

Ethanol 

Cyelohexyl- 
ea rhino! 

Cyelo- 

hexanol 

Pn )i)a.nol-2 

()cianoE2 

Aet't- 

— 2 

-21 

d-JO 

- 3 

0 

Dimethylacel- 

- 9 

-38 


-23 


Trimethylaet'l- 

-24 

-38 

-30 

-35 

-20 

Cyelo])eiityl- 

-35 

-39 

-11 

- 33 

+ 4 

Benz- 

-41 

-45 

-23 

-32 

+ 3 

Ilexahydrohenz- 

‘> 

_ ^ 

+ 7 

+29 

-17 

+28 

h'ljrfiir- 

-49 



-29 

-35 

T (dTahy drof 11 rf ur- 

— 1 


+42 

+ 3 

+44 


* The TiKiirep fiiveii in iho tnhlo are obtainrcl by 8nblr:n‘On>r SO (pmnutv ivlct^holp ) <ir Ri (secondary 
jilcnholwl lioin llie net ctailat^o eonvtasinii to the acetal of o ihdIch o1 alcoikul and 1 molt; of aldehyde. 
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ered per cent conversion to tlie acetal in the reaction with ethanol. The 
cyclopentyl radical had a similar effect, while the cyclohexyl ^roiip had 
no ('ffc^ct when attached to the aldeh^^de group. Unsaturation in the 
aldehyde as indicatc'd by the diffenmees between benzaldehydc? and 
hexahydrolx'iizaldehyde, or furfural and txdrahydrofurfural, also greatly 
d('cr('as('d tlie conversion to accd^al. The same t.end('ncy was also noted 
with acrolein (/C = 0.17), crotonaldehyde (0.011), and cinnamaldtihyde 
(0.013), the eff{‘.ct being especially marked with the latter two which 
were lower than benzaldehyde (0.16). 

If th(^ l)(tiavior of the cyclic alcohols and cyclic aldehydes toward 
each otlu'r is noted it is s(‘en that the relationships are quite far from 
being as consistimt as in simpler aldehydes and alcohols. For example, 
c^^clohexylcarbinol gives a much lower value for acetaldehyde than do 
other primary alcohols, while cyclohexanol giv('s a higher value than do 
th(' simpler secondary alcohols, (yclohexanol and octanol-2 also give 
abnormally high values with the (yclic aldc'hydes. 

Th(^ studies on tlu^ ndation of the structure' of the aldeh^Tle and 
alcohol to the rate of tlu' acetal re'actioii an' much less comprehensive 
than those with rc'spe'ct to tiu' ('xtent of the' re*aclie)n describe'd above. 
The’! matter may be cewered in a epialitative' way by the' stateme'nt that 
the unsaturated alele'hyde'S, benzalele'hyele, furfural, cinnamic aldehyde, 
and crotemic alele'hyde rc'aed many time's more' rapielly than such satu- 
rated aldehyeles as acotaleU'hyde', t('trahyelre)furfural, and e'speeaally 
hexahydrobenzalde'hyde'. 

The effe'ct of structure upem the' fe)rmatie)n of ae^etals fre)m kctone*s 
has also beeui studie'd on the basis of the^ reveTsible reaction. 


R 2 CO + IIC(OEt)3 ^ H 2 C(()Et )2 + TlCOoEt 


The' effee.'t e)f brane*hing of the^ carbon e;hain anel of phenyl gremps upon 
decreasing the tenele'iicy to fe)rm ae;etals is evident from the data in 


Table IX 


TAIMF IX 


Extent of Acetal Formation in Reaction of O.I Mole of 
OiiTiioFouMic Ester with 0.1 Mole of Varioi s Ketones 
IN A Solution Made up Te> 50 ml. with tvniYL Ai.(ohol 


Ketone 

e" 

/V 

Aei'tal 

Ketone 

% 

Acetal 

Dimethyl 

95 

Methyl fer f.-huiy] 

50 

Methyl ethyl 

90 

Ethyl /er/.-l)utyl 

36 

MeMiyl ^-idienylethyl 

89 

Diphenyl 

34 

Me'thyl pheaiyl 

86 

/fW. -Butyl isopro])yl 

36 

Methyl neopentyl 

84 

Di-tcrL-liutyl 

17 

Di-isopropyl 

65 




26 Pfeiffer and Adkins, ibid., 63, 1043 (1931). 
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Equilibria and Rates in the Formation of Semicarbazones. The 

formation of »somi(?arba zones has been quantitativ(‘ly studied by (V)iiant 
and Bartlett.-^ The exposition of this study made by Conaiit is so sip;- 
nificant that it is quoted below.- 

“This is a case wlu're an equilibrium controls the rate but , in addi- 
tion, acid catal 3 \sis is involved. The results illustrate the great impor- 
tance to organic cluanistry of the general tlu'ory of acid and basic 
catalysis developc^d by Bronsted and Lowry in the last hnv y(‘ars. The 
general redaction may be illustrated by the rc'action of acetniK': 

(CIl3)2(T) + NlloNIlCONJIo ^ (C1L)2C--=NNHC0NIL> + ILO 

The reaction is reversible, and this fact must b(^ taken into account, of 
course, in formulating the kinetic ('(piations wIhtc the back reaction 
is api^reciable. 

“A stud}^ of tlu^ redaction ral(‘ in a variety of l)uffer solutions has 
shown that, two op])osing factors are at work. On the on(‘ hand, an 
increase in a(*idity of tlie solution b(‘yond about pll = 4.9 decrc^ases 
th(‘ amount, of fi('(' s(‘mi(*arbazide by salt formation (the p/v of 
N1 NIK/ONIL is )>.(3t) at 25° O.) and thus diminishes the rate, siiK’o 
the reaction is lKdw(‘('n lh(‘ fr(‘(‘ l)ase and the carbonyl compound. On 
th(‘ otlua* ha-ud, this wry n^action l)et W(vn tlu^ fnn^ base and the car]) 0 ]iyl 
compound is subjea-t to acid (*atalysis, and its rat(‘ increases with the 
concentration of the acid: 

K,C— O + iSTToNlICHlMIo + IlAc (catalyzing a, ckl) ^ 

(parlially ic*ino\c(i as NJT3 'NTI(a)Nllj hy in II *) 

IloC-^NMlCXJNIL + HoO + lIAc 

In an ordinary s(d of buffer solutions covering a narrow range, incnrise 
of acidit}’^ is efiVct.cxl b}" increasing the (‘oncemtration of free acid. TIktc- 
fore, rate measunmuaits in such buffers show a pronounccal maximum.’’ 
Tlie data “might (‘asily kaul to the erroru'ous concluvsion that lh(‘ rate 
was cont.rolkal sok'ly by the pll value of the buffer. Mcaisurements 
made at constant pH Init varying con(*ditration of biiffcTing materials, 
howewer, show that the rate is proportional to the concentration of 
catalyzing acid, Th(' a])par(*nt rc'gularity [of th(' n'lationship of rate of 
reaction and pllj is thus the result of an accidental conformity Vxdwc'en 
7>II and acid concentration — a consi'quencc of the usual way of making 
a s(a*ies of buff(a*s.” 94iis point is further illustrat.(‘d by the fact tliat 
the relationship of jTl to raU' of reaction is different with phosphate 
<'rom that with acidate as a buffer. 

Con ant and Bartlett, ibid., 64, 2SS1 (1932). 
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general, in cas(\s of acid catalysis, the specific catalytic effect 
of the acid is greater, the stronger the acid. For this reason the most 
effective catalyst for semicarbazone formation would be an acid only 
slightly w(^aker than the semicarbazide ion, NH^ NHCONH2. Such 
an acid is acetic (about 1 pK unit weak(u); a large conccmt.ration of this 
acid can be introduced into the solution, and, by an appropriate in- 
CH'ase in sodium acetate concentration, the 77H valuer ciin b(' kej)t 
sufficiently high so that only a small portion of the scaiiicarbazide is 
combined with the acid. To some (^xtent th(\se optimum conditions 
are approached when potassium acetate^ and semi(‘-aii)azid(^ hydro- 
chl()rid(5 are employcxl in th(' prepai'ation of s(U7iicarbazoii(\s. It would 
probably b(^ advantag(‘ous, howevcT, to increases the conccaitration of 
the catalyst (acetic acid), at the same time k('('piiig the pH high ])y th(v 
addition of ac(d,ate ion. 

“It is evid(mt that, in comparing the eciuilibiia and the rat(‘s of 
semicarl )azon(' formation with a variety of carbonyl com])()un(ls, tlu^ 
experiment should be i)erformed in such a manncT that a dedinite amount 
of cat-alyst is jm^sent. in each case and that practically all tlu^ scani- 
carbazid(‘ and condensation product sliould 1)(‘ pi(‘S(mt as th(‘ fre^e l)ase. 
A phosphate buffer of pll alnimt 7 and a concraitration of catalyst 
(H2P04’“) of about 0.0() M meet th(‘s(‘ s])(‘cifications. The rc^sults 
obtained under such conditions are suinmaiized in Tabk^ X. 


TABLI': X 

Comparison of Kqi’ilirkia and Bates of yioMirAKPAzoNE formation of 
Ketones and Aldehydes 


(At 25" zt 0 ore. in 0 07 M Na 2 llPG 4 -f- 0 03 A/ Nall^rO.!) 


K X lO’’ 

IIv(lrol\^is Constant 
of S(Tnicaiba7A)ne 


Acetaldehyde 2 9 

Beiizaldehyde 0 30 

Furfural 0 76 

Triniethylacetaldehyde 1 .85 

Pyruvic a(*id 0.51 

Acetone 324 

Cyclohexanone 214 

Pinac.olone 1260 


\elo(*ity Constants of 
S(*nu(*arl)azone 


Formation 

k'2 
301 
2 05 
0 73 
20 

7 37 
6 02 
3() 

0 068 


Hydrolysis 
A i X 10' 
1040 
0 62 
0 55 
37 
3 8 
1800 
7600 

m 


“A consideration of Table X brings out a nurnlx'r poinbs of inter- 
est. In the first place, it is clear that there is no apparent relation 
between the speed of formation of the semicarbazone and its stability 
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as moasurod by Iho h^Mrolysis coiistaiR, K. Consideriiiu; first rola- 
tioii betwecai slrucliiro and rab^ of soniioarbazonr formation, acotaldc^- 
liyde is found at the top of tlio list, wilh its (rimotliyl substitution piod- 
uct about, a t.(mth as roactivo, but some ton tinu's moro roaotivo tlian 
benzaldoliyd(' or furfural. Yla' latter is (!i(‘ Ii'asI r<‘aetiva^ of all tlu' aldo- 
hyd('S and dilfors from acotaldf^liydc' by noai’ly a thousandfold. Of Ili(‘ 
ketones, eyeloliexanone is tin' most reactive (as woukl have bc'en ex~ 
pecb'd from previous work), and acetone and pyruvic acid ar(' ('ssen- 
tially ecjiial and alxait a sixth as rajnd in s<‘micarbazon(' formation as 
the cyclic ketone. Tlu' lai'^(' droj) in reactivity caus('d by substitution 
of tlir('(' riK'thyl groups (O.ObS for ])inacolone (*onipar('d with (>.() for 
acc'toru') is in accoi’d with a lar»e varic'ty of qualitative and (piafititativi' 
facts of organic clu'mistry. A com])arison of iK'nzaldehyck', furfural, 
ac(‘tone, and trinu'lhyk'ux'taldc'hydi' p,iv('s vi'iy littk' support to tlu' 
id('a that th(' rat(' of carlxmyl nxiction is dc'tej'inined sok'ly ly so-calk'd 
st('ric ('fif'cts. Jt would s('em tliat the fa(‘ts ar(' imu'h to(.) com])licat('d 
to be ('xplained sok'ly by such a simple' hypotlie'sis. ITowc'Vi'i*, if atte'ie 
tion is confinc'd to a j)articu!ar limite'd class of (X)m])oun(is, su(*h as tin' 
ald('hy(k‘S, th(' comx'j)! of ste'ric hindrane'e affords a ])lausibl(* (‘xplana- 
tion of re lation Ix'twc'en i‘at(‘s anel structure'. The' comparivse)!! e)f ace'tone, 
j)inacote)n(', and ace'talek'hyek' anel its trime'thyl ek'rivative' illustrates 
this. 

^‘Turnin^ now to the' exiuilibrium constants, we' finel all the' ke'tone*s 
(e*xcej)t pyruvic acid) falling inte) one' class and the* aleic'hyele's inte) 
anothe r. AVithin the* ke*te)ne* (*lass the' vai'iatiem in the' hyelrolysis ce)n- 
stant. is emly thre'e'folel, the' most highly substitute'd ke'te)n(' Ix'inj!; the 
me)st ceanpk'te'ly hyelre>lyze'd. The* variatieuj ame)ni>: the* aide'll.^ ele‘S is 
te'nfe)ld, but the* dilfe‘re‘ne*e' lx't^ve‘e*n the' le'ast“hyelre)lyze'el ke'te)ne se'ini- 
e*arbaze)ne (alwa.ys e'xex'])! in^' pyruvic ae'ielj anel the* niost-hyelre)lyz(‘el 
aleU'hyek' se'mie*arbazone is a hunelre'elfokl. It we)ulel aj)pear that the* 
e*arbe)nyl ceunjxmnels, as far as the e'lie'r^y re'lat ieui ships are ce>nce'rned, 
she)w a rather sim})le‘ relatie)iiship be'twe'en structure anel semicarbaze)ne 
fe)rmatie)n, the' e'eRiilibrium e*e)nstants bein^i; ek'te'rmine'd by the same sort. 
e)f fa(*te)i\s which determine* the elissex'iatiem e'onslants of ae'ids. Fe)r 
ce)nve‘iue‘ne*e, tlu'se' faedors may be* teuane'd the* 'pe)larity’ e)r hie'^ativity’ 
e)f the* attaclu'd ^reaips. Thus we may say that the* me)re negative the* 
ateans or ^a’e)U])s X, V in the* ceanpounel, XCOY, the k'ss hyelrol 3 "zc'el is 
the* se'jnie'arbazeme*. The* cenitrast l)etw(H'n alek'hyde's and ke'teme's ex)rre'- 
spemds to the* diffe'ix'nce' in stre'n^th of femnie* anel the othe'r aliphatic 
acids. The* fact that i)yruvic aciel se'tiiic.arbazeaie is e'vem k'ss hyeire)lyzed 
than that of aex'taklehyek' is in accorel with the ^reate'r strength e)f oxalic 
ae*id — 2.8) as ce)mpa]e'd with formic ae'id {pK = o.7). 
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^'Somo of th(^ conclusions summarized in Table' X can bo demon- 
strated by qualitative experiments which also serve to emphasize tlie 
difference b('tw('('n rate's and eeiuilibria in controlling organic re'actions. 
The most striking of the'se' experiments invedves a comparison of cycle)- 
hexanone^ anel furfural. The difference's in rate's e)f semie*arbaze)ne fe)r- 
matiem are in favor of the forme'i* by a factor of about fifty; the' hydroly- 
sis of the aldehyde' semie'-arbazemc is only one', thre'e'-hunelreelth e)f that 
of tlie^ kete)ne', however. As a re'sult, if e)ne mole of se'micarbazide'. and 
one mole each of cyele)he'xanone anel furfural are' allowed to react, prae;- 
tically the' e'litire final proeluct is furfural se'micarbaze)ne. Because of 
the diffeTenees in the rate‘S e)f reaction, he)weve'r, the' initial i)roeluct in 
such an experime'iit is alme)st whedly cyleudie'xaneme seaiiicarbazone. 
The effect of tlu'se' elifferene*e'S in rate and ee|uilibj‘ium ce)nstants can be 
shown very simjdy by allowing se'inie'arbazide to re'aed, with a mixture 
of cye'lohexanone' and furfural in alcediolic se)lutie)n anel isolating the' 
semicarbazone' afte'r a few seconels anel afteu* a few hours. (Be‘e\‘iuse e)f 
the solubility of e*ye*le)he*xanone' se-mieiarbazone in wate'r, it is necessary 
to precipitate the prexluct by peniring a sample' e)f the' mixture' into a 
saturated ammemium sulfate' sedutiem in whiedi the cycledK'xaneme' se'ini- 
carbazeme is almost inseduble'.) In such an experiment, starting with 
0.01 mole each of sernicarbaziele^ hyelre)chloride', furfural, and cycle) 
hexanone, and 0.05 me)le of potassium ace'tate' in 50 pe'r cent ale'ohol, a 
sample precipitateel afte'r 20 se'ex)nels yie'lde'd e*ycle)he'xanone' se'niicarl)a- 
zoiie, while afte'r 2.5 hours a similar pre'cipitate' was fe)iinel to be pure' 
furfural seanicarbazone. 

^Tt is we)rth ne)ting that, if one hael attempte'd to elraw cone*lusie)ns 
about the relative re'activity e)f the' two carbe)nyl compejuiuls from e)ne 
of the' above expe'riments alone, the conclusie)ns would have be'e'ii elia- 
metrie'ully oppe)site, elepending e)n wdie'the'r the' proeluct was isolateel 
afte'r a fe'W sece^nds e)r afte'r a few hours. This is an illustration e)f tlie.' 
difficulties of attempting te) eleduce' g('neratizatie)ns in re'gard te) tlie 
be'havie)r of organic conipe)unels fre)m epialitativo ex])e'riments whe'n the 
nature of the reactiem is not fully unele'rstooel. Tlu're', seems no e'seape 
from the conclusiem that significant comparise)ns of quant itativei me'as- 
urornents can be maele' e)nly on the basis e)f a thorough knowle'elge of a 
reaction. This re'quires first a detaile'd stuely of the yielels e)f all the' 
products and later a physicoche'inical stuely e)f the' fact-e)rs which ce)ntroi 
the equilibrium and the rate'. The amount of we)rk involved in such 
studies and the complications alre^aely uncart heel are wedcome guarant e'cs 
that there will be many problems to solve for a long time to come'. We 
may rest confident, more'e)ver, that the fascinating art of organic chemis- 
try will yield only slowly to the devastating inroads of an exact science."' 
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Rates of Reaction of Alkyl Chlorides and Metallic Iodides. Conan! , 
KirncT, and Hussey made a study of tlie relation of struetin'e to llu' 
rate of reaction of some fifty lialogen compounds with potassium iodide' 

RCl + K1 R] + KCl 

The rates of the reaction in acetoiu* we're me'asureel at various te'm- 
pe-ratures from -10° to 00°. Tlwy sheeweel that there was no appre- 
ciable amount eef a “side' reaetie)n’’ anel tliat the relative- rates eef diffe'r- 
ent alky! haliele's were appreeximate-ly independent e)f the- te-mperature 
at wdiich the ce)mj)arison was maele. This latter eebse'rvation made; it 
fe-asible' to ealculate the* re-lative' rate's eef re-action to a stanehirel tempe’ra- 
ture (50°) eve-n thenij^h the e.xperimental re'sults were* eebtaineel at thei 
variems te-mperature's at which the' re-aetkens preece'e'de'd at. a measurable; 
rate'. 'Fhe' react iejn was not. reve'rsible. The; re'lative; rates were inele'- 
pe'nde'nt eif the e.onee'nt rati cm of the' re-act.ants, and iuele'pe'Jielent eef 
wlu'the'r the nu'tallic ieeeliele* was .seeelium, lithium, or jwtassium. 

The re'action rate- e'eaisteint was e;alcidate'd upon the' basis ed the usual 
biniole'cular eejuatie)!!, but a be'tter eaempariseui eef the rate's of reactiem 
is siven as the- re'sult eef a ealculatieen in which the rate of re'ae;tion e)f 
7 i-butyl chle)riele is unity. 8ue;h a compariseen is } 2 ;ive'n in Table XI. 
It may be of inteivst te) note that at 50° butyl e;hloride hael re-acte'd te) 
the' exte'iit. e)f 50 [ee'r e-e-nt after 30 heeurs, where-as only 15 hours was 
re'epiire'el at 00°. w-Chloi'eeae'e'teephe'neenc at 0° hael reae'ted to the e-xtent 
e)f 55 jM'i' ce'nt afte'i' le'ss than 1 minute*. Allyl e'hlorielc at 2.) had re- 
act e'd te) the exte'ut. of 51 per cent, afte-r 0.:? hours. 

Many int ('rest ins anel imi)e)rtant comparisons and ceenclusions may 
!)(' maele ui)oi) the basis of the data (;i\('n in the table, but it must 
suffice to point out e)nly a few of the'se: The- normal alkyl halide's are) 
ve'iy similar in their behavior towards pe)tassium iodiele. The see-eenelary 
and te'i’tiary alkyl haliek's ;ir)' similar to eae-h othe'r but ve-ry much less 
reactive' than tlie primary chleerides. (Vclohe'xyl chleeriele is almost as 
unre'active in this re-action as the- aryl halick'S. 

The strue-ture C=.C— C-d'l as found in allyl or benzyl e'hloridc 
results in e'nliance'el inactivity eif the haleige-n. 'Fhe' phenyl, carbemyl, 
e;arbe1hoxy, cyano, amido, methoxy, nitrophenyl, bromophenyl, and 
chlorophcnyl groups slmweel a marki'd labiliziiif^ e'ffect wIk'ii attached 

to the carbeui Imldinfi; the chlorine'. 

Borne of the more' soneral ceinclusiems are; ciueitcel from the original 
papers. “For inxrpeise's of e-xpressing numerically the; fae^tors govern- 
ing the. behavior of eirganic substance's as we' eleal with them m the labora- 

M Couanl. Kirnor, and ll-.s.soy, thid., 46 , 2:W (1924) ; 47 . 470, 488 (1925). 
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TABLE XI 

Relative Reactivities of Ciii.okides with I'(»tassiim Iodide 


Compound 

lichitive 

lU'jictivity 

Com[)ouii(l 

lU'laUve 
React ivil,> 

n-C4Hc,Cl 

1 00 

CfJTr,C( ICIloCl 

105,000 

ihlhCl 

1 94 

cii,C()CH2Ci 

35,700 

7/-C,H7Cl 

1 03 

NCCH 2 C 1 

3,070 

//-CrihiCl 

1 2(3 

ColI.OoCClloCl 

1,720 

7i-CriI,:iCl 

1 22 

CII,( )C\hC\ 

918 

rz-CdllibCl 

1 20 

c,m\)c\ 

700 

/^-CsIhrCl 

1 32 

cn,C( uiuci 

270 

^/-Ci.lL^Cl 

1 00 

c,ii,C()(r!io),n 

230 


0 90 

iioNCocii./n 

99 

n-(h,dhiCl 

0 88 

nio C 11 C 112 C 1 

79 

/.so-CfJI 1 jCl 

0 (15 


2(1 

(Cli:02CIICl 

0 015 


195 

C41r,CdI(dCll.. 

0 022 

(CVdkOAX'l 

38.000 

ieC,ll7CdlClCH;{ 

0 048 

(Con;/)2C)2Cnri 

(10,200 

7.-Ci!Ic/ linen, 

0 075 

c-No.cv.ihciiiiri 

1,800 

7l-C(JIj;;CHnCIl3 

0 02(1 

i/eNGoCXlLCn-jCI 

780 

(CJI,),(Xd 

0 018 

/^-XOoCVdliC'Il.CM 

1,370 

cycl(>-C(',\ I lit- 1 

0 0001 

-M-(NG2)2(V>n,C'll2Cl 

50,800 

c^ahicihhci 

0 91 

D-(3(v>n]('^ii2n 

718 

Cr.H,(ClIo),Cl 

1 35 

P-c4(v.ihciiL>n 

553 

(•fill5(CdJ2)(Cl 

1 07 

o-BrCr,IIi(dl,.(d 

77,300 



p-P.rCYlLsClIotd 

48,100 


lory, diff(‘r(‘iu*os in r(‘acliviiy of 25 or (‘V(‘ii 50 ]K'r cihiI of rcLalivi'ly 
little import Variations of tlir(‘(‘fol(l, a Imndn dfold and a inil]i*)n- 
fold are tlu‘ cause* of tin* vagaries which make* our ])r(‘se‘nl structural 
formulas sei ofteai unre*lia])l(‘ in ])re‘die*tin^ relictions. l"rom tliis point of 
view the* r(*sults of all (lie previous studies of primaiy halide's and tlie* 
data he're* ])rese*nt(*d may he* said to he* in gene'ral a^'i*(H*nu*nt . In a ji;r(ait 
variety of reactions a me'thyl lialide* is 5 tni 20 tinavs ineire re'active Ilian 
the* ('thyl compounel wliich in turn is only about, twice* as re'active* as the* 
other primary straight-chain eaimpemnds that eio not eliffe*r mate'i'ially 
from eaie* another, at k'ast as hi^h in the se-rii's as C 3 ()lI(iiCl. Idle* foi kin^' 
of the chain diminishe's the* re'activity eif ])riniary ce)m[)e)unds, which 
diminiitiem in the* e;ase eif amyl is about 100 pe*r cent (emr results are in 
agreemierit with those' eif two otheT inve'stigators em this point). 

“Thci eliscre'pancies in re'garel to the ceirnparisein of primary and 
seceinelary halide's are serious; they may he* real eliffe^re'ne^e's, spe'cifici fe)r 
each e)f the reagemts e'mpleiye'el, or tlu'y may he elue to the* fact that- in 
certain instances some* unsusjK'cteel reaction may he taking place* with 
the secondary ceimpounds wliicdi is absent from the primary sc'rie's. 
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For oxainplo, any coinparisoii of ihc action of alcoholatcs on primary aTid 
tertiary lialuii's is nuaanin.^lc'ss bc'canse in tlu' one easi' (‘llu'rs an' fornu'd 
and ill the sc'cond oL'fins. Wr liave chosen ilu' rradion with an inor- 
j>,anic iodide in absolute a(*eton(‘ Ix'caiise of th(' impossibility of many 
side r(*actions which may complicate the rc'sults with otlu'r r(‘a{i:('nts 
us('d in aqiK'oiis or alcoholic solution and b('caus(' tlu' n'ac'tion has b('(‘n 
widely used for pri'parat iv(‘ purposes and is known to ^‘iv(' ('X(*.('ll('nt 
yields. We ar(', tlK'rc'foix', iiichnc'd to b(di('V(‘ that, our n'sults showin^z; 
that- sc'condary and t('rtiary )ialid('s an* only 0 .(m to 0.01 as r('activ(‘ as 
jirimary compounds n'present a coru'ct formulation of tlu' Ix'liavior ot 
tlu'se substanc(‘s, at h'ast- in simj)l(‘ na'tatlu't i(*al rc'actions. Tlu're is 
alrc'ady sonu' evidenc(‘ that vse('ms to indicatt' tliat th(‘ rat(' of hydrolysis 
(and p('rhaps alcoholysis) in n(‘uti‘al solution do('s not ])arall(‘l tlu' rat(' 
of oui* m('ta.th('ti(‘al r(‘a..clion. Thus, in the ])i(‘\'ious paix'r to-(*liloro“ 
acc'toplu'noiK' was found to be by far tlte most. U'aclivc' substance', and 
y('t it can b(' r('crystailiz('d without apjm't'iabk' loss from mixtun'S of 
wat('r and alcohol; a similar drastics tr(‘atm(‘nt of benzoyl cliloridt' or 
(‘thyl chloro(‘arbonat(‘ would insure V('ry coi sidc'rable hydrolysis and 
yet tlu'i]* r('lativ(‘ reactivity on (.ur s(*al(' is jdiout oiu' oiu'-hundn'dt h 
that of (*!'.lor()acet.oph(‘non('. J\)ssii)ly souu' similar dit‘(‘ct action b('t.W('en 
th(‘ s(‘Condary lia!i<l(\s and the alcohol us('(l as a soKamt may b(' th(‘ 
caus(‘ of th(‘ r('lativ('ly hiuh r<‘.acii\uty found by some work(‘rs for tlu'se' 
C()m]iounds.” 

Rates of Reaction of Diphenylchlorometbanes and Acyl Chlorides 
with Alcohols. Noi'i'is, Ilanta, and l>Iak('‘'‘* inv(‘stiii,at(‘d the' rate's oi 
rea(*ti(m of various substitut(‘d dij)henylchlorom('than(‘S with (‘thyl and 
isot)ro])yl alcohols. The variations iti rc'activity with th(' vsubstituent 
ar(' (‘vident fi*om the' summary of the' re'sults givc'U in Table XII. 

TABbb XII 

KeUATIVE VeI.OCITY FoXSTAVTS oi-' the KeACTTONS TtETWSEX FtHYE AiA’OHOL AM) 
Cektaix Deiovatines oi- Dipiienyechlohometiiane 


Tomperaturr 2r).n Coiiceatratioii of cliloii'k' approAiniat rly 0.1 formal by 
KH.ativc Pol.itive PekUivo 


Sub^dtucnt. 

X'aluos of 
Constants 

Sul/stituont 

Value's of 
Constants 

Su))sti1u('iit 

N'aluos of 
Constants 

No substiluent 

1 

//-Mot hyl 

u; 2 

o-Motlioxy 

93 0 

o-Chloro 

0 01 

//,/>'-I)n*bloro 

0 15 

//-Mc't.lioxy 

1200 (?) 

///-Cbloro 

0 015 

/>,//'-Jbinothyl 

413 0 

//-Phonoxy 

31.0 

/)-(liIor() 

0 12 

//-blbyl 

20 9 

a'-N:ij)htliyl 

7 2 

r>-M(‘thyl 

2 9 

//-Hroino 

0 33 

Bonzylpbonyb 


///-Mot hyl 

2 1 

/^-Phonyl 

12 S 

chloromothano 

0 000 

2» Nun■i^., Hisi.tii, i«nd liliiko, dm!., 50, 1804, 1S(I9 (.1028). 
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The relation between the structure of the alcohol and its rate of 
reaction with y)-nitrobenzoyl chloride has b('<'n studh'd by Norris, Ash- 
down, and Cortese.'”’ They also observed the effect of substituents in 
the benzoyl chloride upon the rate of reaction with isopropyl alccjhol. 
A summary of their data is given in Tables XIII and XIV. 

TABLE XI II 

Second-Order Velocity Constants for the Reactions retween 
Alcohols and />-Nitrorenzo\ l Chloride in Kther 

Toniporatun', 25°. Concentration of each reactant 1 mole in 1000 g. of etbei 
taken as unity. 


Normal Primary 
Alcohols 

h 

Mcthnnol 

0.184 

Kihanol 

0 085 

Propanol-1 

0 0()() 

Butanol- 1 

0 074 

Pciitanol-1 

0 079 

IIcxanol-1 

0 085 

lleptanol-j 

0 009 


Primary Alcohols with 


a Branched Chain 
Met by 1-2-propanol- 1 0 031 

Methyl-2-l)utanol-l 0 03G 

Methyl-2-p(‘ntanol-l 0 034 

]\Iethyl-3-l)utanol-l 0 073 

Methyl-3-j)entano)-l 0 077 

Methyl-3-hexanol-l 0 075 

Methyl-4-p(Titanol-l 0 . 008 


Secondary Alcohols 

k 

Propanol-2 

0 0100 

Butanol-2 

0 0071 

Pentaiiol-2 

0 0059 

IJexanol-2 

0 00()5 

Pentanol-3 

0 003() 

IIe])tanol-4 

0 0027 

T(M‘tiary Alcohols 


M (‘t h y 1 -2-} ) ropa.no 1 -2 

0 0027 

Methvl-2-hiitanol-2 

0 0025 

Methyl-3-pcntanol-3 

0 0014 

Aromatic Alcohols 


Benzyl 

0 0170 

/3-Phenyl ethyl 

0 0400 

7 -Phenylprf)pyI 

0 0200 

a-Phenylethyl 

0 0005 

a-Phenyl{)ro})yl 

0 0005 

a-Phenylbiityl 

0 0005 


The substitiilion of methyl, ethyl, phenyl, o-naphthyl, nudhoxy, and 
phenoxy groups, especially' in the pa^'a-position, ('nhanc(‘S tlu^ r(‘activi(3'^ 
of the halogen in diphenylchloromidhaiies. TIk^ substitution of hal- 
ogens especially in the nr^Ao-posilion n^duces th(‘ n^activity of the 
chlorine. However, in benzoyl chlorides the halogens and esjK'cially 
the nitro group enhance the rc^activity of the chloriin^, whiki a nudhyl 
group low(Ts the reactivity. 

The primary alcohols except methyl alcohol and those with a 
branched chain at the 2-carbon atom show a similar reactivity with 
p-nitrobenzoyl (diloride. Methyl alcohol is more reactive than the 

Norris, Ashdown, and Cortese, ibid,, 47 , 837 (1925) ; 49 , 2640 (1927). 
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TABLE NIV 

tl1vST-ORI)Ii,R \ KL(K'IT\ CONSTANTS OK TUI' Rk\C'J’IONS OJ'’ (^KUTAIN Ac’VU 

C'uLOHiuEs WITH Isoi'uomu Aia’oiiou 
I eiiiperslure, 25.0'. Conccut.ration apim)xini:itc'ly 0.1 formal ikt 1000 g. 

of Constant, to 


Ary] Chloridr /.• that, of Ihaizoyl Chlorido 

Brnzoyl 0 ()():3(;5 1 

/^-Clilorolx'nzoyl 0 00559 1 53 

7>-Broino]»enzoyl 0 00050 1 78 

y^-Iodoluaizoyi 0 00528 1 20 

o-Nitro})(‘nz()yl 0 00094 1 90 

/>-Nitrol)(‘nzoyl 0 ()3()00 10 () 

/i-Motliylheiizoyl 0 00235 0 04 


av(Ta^>;o primary alcoliol; alcoliols with carbon snbslituonts, cspcndally 
a plirnyl groiij) on tlu' 1- or 2-carbon, arc vaay miudi k'ss r(‘a(‘tiv(\ Tlio 
8(‘con(lary and tertiary alcohols show a much lowt'r rat(‘ of reaction 
than any ol the primary alcohols i^xta^pi lhos(‘ having an a-])lienyl 
fijroiip. 

In la.t(‘r papeu’s I^Iorris and liis a.ssociat(‘S' hav(' (‘xttaidi'd tludi* 
investi^'at ions to inchidi' tin' rati's of n^action of various substitut(‘d 
])enzoyl lialidc‘S at various tcaujicrat uix's and in a variedy of solvents. 

r(*lativ(‘ ^'activity of tli{‘ jxaudants was found to vary with all thes(‘ 
variables. Thr(H‘ of tlu'ir itioo^ ^eTua’al conclusions W('r(' as follows: 
It is shown that the (‘ff(‘ct of (db;, Cdl^O, C\, Br, 1, and NOo in tlu‘ 
ortho-y tncla-y and /iuru-i^ositions in the Ixmzoyl chlorid(‘S is opposite 
from tilt' efft'ct- of tht' saint' sulislitut'iits in tht' benzyl cliloridt's. d'ht' 
temiH'rature coeflicit'uts of tht' rt'aclions Ix'ar no rt'lalionship to tlit'. 
ratt's but can be coia-tdattal \vitli the naturt' of tlu' substilutait and its 
position. The ratt's in solvt'uls containing; oxyr*en art' It'ss tlian in tlu' 
hydrocarbons or their halo^t'ii derivatives. In this rt'spt'ct an acyl 
chloridt^ difft'rs from an alkyl cliloridt^. 

Rates of Reaction of Alkyl Bromides and Piperidine. McKIvain 
and Semb have com])ared the raU's of reaction of fourtinm alkyl 
bromides whth jupc'ridiiu'. Uiuh'r tlu' conditions of tlu'ir uK'asureuK'nts 
there was no a])preciabl<' amount of side reactions with the iirimary and 
a negligibh' amount, with the secondary alkyl lu'omides. The rates of 
reaction of tlu^ terliary bromid(‘s in alkylation cannot be comparc'd 
with the iirimary and s(‘Condary bromides bc'cause the main reaction of 
the foi’iiKU* was tlu' loss of li\'drogen bromid('. Th(' rates of the ri'action 

Norri.s, Voun;X, Piisct', St.;iu(l, :iii(l ITaiiu'.-.., ibid., 57, 1415 1427 (19115). 

3= McElvaiu and S.'inb, M., 63, G1M» (1931). 
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in petroloinn ctluT wore dot ('riniiu'd from tlio amounts of piperidine 
liydrobromido wliicli had p7'(M.^ipitat(‘d from tin' redaction mixtun^ after 
a given tinu^ intiTval, e.g. 

C,UiMv + 2Ct,HioNH ^ CyiioXOdls+CsIlioNlMIBr 

Among th(' straigljt-cliain primary alkyl bromides only ethyl showed 
a marked diverg(‘n(*,c‘ from tl»e avta'agc' of th(‘ six bromide's of this type 
invest igat('d. Braiu'hing of Uk' chain (isobutyl and isoamyl) greatly 
lowen'd lh(‘ rate' of reaction, dlie' phe'uyl group whe'n attae*he'd to the' 
carbon atom holding the' hale)gem (beuizyl) (‘ne)rme)usly inea’ease'd re'ae^- 
tivity. The e'ffe'ctiveness e)f Die phe'iiyl greni]) was alse) manife'st. in ])he'n- 
ylpre)])yl and to a le'ss ('xtead in phe'TyvIe'thyk The' se'ce)nelary bn^mieh'S, 
(‘Spe'cially eyclolu'xyl, were' ve ry muedi k ss r('ae*tive' than the* e)(he'r ce)m- 
pe )U nd s i nve st iga t e' e 1 . \ 

TABI.i-: 

Rate of tite Reaction eetwekiN J'ipeujdixe and \ Auie)rs Aek\l Hiu>mii)Es at 90 ’ 





i; 

(‘action in Hour^ 


Alkyl Ceroup 

•1 


1 

I s 

1 

12 

24 

48 

I'thyl 

72 

2 

SO 1 

81 3 

‘i:i 7 

... 

98 4 

n-Propyl 

•15 

(1 

59 5 

00 0 

79 3 

89 5 

lM)propvl ... 

//-Butyl ... 

4(1 

1 

59 3 

00 5 

17 3 

78 0 

■J8 1 

88 -1 

Iso})utyl . . . 

R) 

0 

ll '> 0 


29 4 

40 8 

.ser.-Hul yl 

/e-\in>l 

4S 

1 

( »♦ » r> 

09 8 

C. 7 

81) 7 

12 0 

90 5 

Noaniyl. 

31 

1 

1 14 S 

5‘2 S 

05 5 

77 4 

//-l](‘xyl. . . . . 

19 

(1 

03 7 

70 7 

so 7 

88 9 

//-lJe‘pt\l 

53 

o 

07 5 

71 5 

82 2 

90 0 

Cyclohf'xyl . . 





1 1 

2.4 

Benzyl.. ^ . ... 

100 

5 + 





Plie‘nyle*t liyl . . . . 

59 

0 

09 5 

77 1 

90 0 

95 0 

Ph€*i)yl[)rt)|)yl 

74 

0 

83 9 

SO \ 

93 2 

95 8 



-> if? 'i 

per cent in 2 linuis 




Rates of Formation of Thiourethanes. Browne anel l)yse)n have' 
carrie'd out a ve'ry e'eanpre'he nsive* serie's e)f e'\'])erijne‘nts upe)n the' rate' e)f 
reaction of arylthiex'arbirniele's with ethyl alcolu)!. They fe)unel that, 
this reaedion ]^re)ce'e‘de'el at a mc'asurable' rate' with a wide' varie'ty e)f 

RN=C=S + (bHfX)H KN-=(XSI1;( Kyis e)r RNHC(=S)()C2Ho 

‘ Browne* and D^^-^on, ./. (In tn Snr., eiuai). 
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lhiocarl)imid(\s. The reaction was irnwersible and comparatively fn'O 
of side reactions, and it proceeded in the liciuid phase without the sepa- 
ration of a solid. Tlie reaction was carri(‘d out l)v refluxing the thio- 
carbimide in a 100 to 150 moknailar excess of ethanol. The rate of 
reaction w^as not sensitive to hydrogcm-ion concentration. The nnetion 
could be followed by an accurate analytical nudhod which involved 
weighing the^ thiocarbaniides formed by the' nnetion of benzidine with 
residual arylthiocarblmid(\ The values of the rate constant calculated 
for a monomolecular reaction are summarize'd in Tabl(‘ XVL 


TABLIO XVI 


Thiocnrbimitlo 

]: X Kfl 

Tliioearbimide k X 10^ 

Phenyl 

0 52 

S-C^h ] ( ) ]•( >-4 -nu ‘ 1 1 1 y 1 pi i e n y 1 

2 OS 

2-T()lyl 

0 M 

3-C' hit )!*( )-2-n H't h yl } >1 lei ly 1 

0 08 

3-T()lyl 

0 39 

3-Chl( m )- 1 ,0-'vlinH‘t.hy Iphenyl 

0.41 

4-T()lyl 

0 30 

3-Chl()n >-2,4 ,()-t.nni(‘t hylphenyl 

0 00 

2,3-I)iinethyli)henyl 

0 11 

4-Chloi 0-2-111(4 h \ Iphenyl 

0 41 

2,4- 1 )imethy Iphenyl 

0 09 

4-('hl()ro-3-inethyi)ih(‘ny] 

1 11 

2,5-1 )i riieth y 1] >1 1 en y 1 

0.09 

2-Chloro-5-nu‘t liylph(‘nyl 

0 95 

2,(i-l)iinotliyl|)henyl 

0 00 

2-Chlor( >-3-111(4 hylphenyl 

0 95 

3 , 5-Di I n etl 1 y 1 } )h (‘11 y 1 

0 22 

2-(9iloro-l-in(‘t hyljilu'iiyl 

0 78 

2.4,G-Triinet hylphenyl 

0 00 

2-Chloro-r>-nu4 hyli>h(‘nyl 

0 28 

3,4,()-Trim(‘thy]phenyI 

0 00 

2-Bronio-l-iiiet hylphenyl 

0 00 

4-jhtliylphenyl 

0 20 

2-(9i]oro-3,4,0-lriiri('thylpheiiyl 

0 01) 

4 -I St ) j )!'( ) py 1 1 )h t‘i 1 y 1 

U 00 

2-M etlioxyiihenyl 

0 10 

6- M e t h y l-3-is( )| irt > j ly 1 plit'i i y I 

0 00 

3-Methoxyphenyl 

0 58 

2-Chl(.)r()i)Iieiiy] 

1 24 

4-Met hoxyphenyl 

0 40 

2-Jh<)inoph('nyl 

1 to 

2-Klhoxy phenyl 

0 07 

2-I()(l()ph('iiyl 

0 00 

3-l'4hoxyph('nyl 

0 75 

3-Chl()r()plK‘nyl 

2 99 

4-i’>thoxyph('nyl 

0 27 

3-l^'lu()roplieiiyl 

2 SS 

2,5-I)iin(4hoxyj)h(‘nyl 

0 22 

3-]^r()in()pliciiyl 

3 09 

2 , 0-I)iin (4 h o X y | )h (‘i i y 1 

0 00 

3-I(Ml()})hi‘nyl 

3 31 

3,4-l)im(44ioxyph(‘nyl 

0 58 

4-Flvi()r<)phenyl 

1 41 

3,5-Dirnethoxyiihenyl 

0 80 

4-Chl()n)pheiiyl 

2 17 

3-Ch Ion )-4-Tn ethoxy \ )h(‘n yl 

2 14 

4-Io(lophenyl 

2 74 

4-Chl(>ro-3-inet hoxyphenyl 

2 91 

2, 1-J)ielil()ro])henyl 

4 10 

5-C h 1 or o-2-m e t hox y ph en y 1 

0 47 

2,5-13i(*h](>roj)henyl 

4 02 

5-Chloro-3-iii(4 hoxyphenyl 

4 57 

3,5-L)iclilor()j)hc‘nyl 

17 90 

4-A(a‘ty Iphenyl 

0 84 

3-C } J 1 on >-5-in (‘t h y 1 p h en y 1 

3 04 

4-Biph(‘nyl 

0 90 

3-Cliloro-0-niethylph(‘nyl 

0 92 

3-Cyant)i)henyl 

11 10 



4-Clyanopheiiyl 

4 81 


^'The n^sults demonstrate that the nuclear substituents have a pro- 
found ofToct on (lie n'activity of llu' isothiocyano-group in arylthiocarl)i- 
midcs. Whereas halogc'ii aloins and nilro-groups (and the inethoxy- 
and tfie ethoxy-group in the ///-position) accelerate the rate of redaction 
with ethyl alcohol, alkyl or o- and p-alkoxyl groups retard the addition. 
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Any explanation of these facts must also account for the following 
phenomena : 

^^(1) The effect of more than one substitiumt is approximately the 
sum of the effects of the substituemts acting alone, as e.g., in the chloro- 
tolyl-, the chloroalkox 3 ^-, and the dichloroph(mylt}\iocarbimid(\s. 

^^(2) The m-substituted compound is alwa^^s more reactive^ than tlie 
corresponding o- or /^-substitutcnl compound. This n'sull is indepc'iident 
of whether the compound reacts more n^adil^^ tlian jdienyltliiocarbimide 
or otherwis('. In this connection, the results obtained with tlu' nu'thoxy- 
and ethoxy-substituted phenylthiocarbimides are of inter(\st, since they 
show that the suptTior reactivity of ///c/n-substitiited d(‘rivativ(\s is 
ndained ev(m when the n'activity of unsubstituted ph(‘n 3 dlhiocarl)imide 
li(\s l)etween that of the in- and the 7 >-substitut(‘d compound. 

'^(3) The ix'activitj^ varies with tlie natur(‘ of tli(‘ substitucait grouj)' 
the nitro-group being most active in acc(deralioii, and th(' isopropyl 
group most active in inhibition. 

‘‘(4) The anomalous behavior of the or///e-substituted compounds, 
which in some cas('s exhibit tlu^ usual jdK'nonuuia of stca’ic liindranci' 
and in othcTs do not.’^ 

Reliability of the Equilibrium and Rate Constants. It w ill b(' evi- 
dent from earli(T sections of this chaptcT that different authors ])r(ff('r 
to expr(\ss their n'sulis in diffenmt wa^^s. It will b(‘ wcdl to (‘onsider the 
meuits and limitations of tli(‘se diffenait ])K)d('s of (‘X])r(\ssion. Th(^ 
simpl(‘st waj^ of expn'ssing tlu^ ndation of structure to (‘onc(‘nt]*ation at 
equilibrium is by giving th(' p(T cent cfuiversion at e(]uilibrium of one 
of the reactants. Such figures an' directly" r(‘lal(‘d to the analytically 
determined concentrations, and th(‘ r(‘ad('r is in a ]>ositio]i to d(‘(ermin(' 
whether or not a rt*port('d difference Ixdwi'en two s(‘ts of r(‘a(*tants is of 
significant magnitude. For exairiph', ac(‘tal(l(*hyd(‘ und(‘r s])e(afK‘d con- 
ditions is coiivcTted to an acetal with //-butanol to th(' (‘xteni ol 90 ]K‘r 
cent, and 99 per cent with isoamyl alcohol. If th('S(‘ n'sults ar(‘ express('d 
as equilibrium constants tlu' value for the fornuT is 3 and for tli(' lattxT 
13. Thus the difference (if any) between these alcohols is magnifi(Ml. 
Relatively few^ jieoph' are abl(‘. t,o distinguish signifi(;ant di(l(‘r(‘nc(‘S in 
experimental results after these' rc'sults have gone' through a few mathe- 
matical transformations. 

How(‘ver, there arc' a number of reasons ^\hy it is advisable' to cahai- 
late equilibrium constants. Among others it is se'ldom fiossible to 
make all comparisons at th(^ same coneeaitration of reactants so that it 
is necessary to calculate the equilibrium constant in ord(T to put the 
results in comparable form. Further, the conq/arison ol the* ('(luilibrium 
constants for the same reactants at diflen'iit concentrations is one of 
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the best means of ascertaining \vh(^ihcr the reaction involved is truly 
iev(Msil)le. 1 wo inelliods aiv us(‘d in the calculation of equilibrium 
constants. In 1h(‘ nu^thod commonly used the concentrations of n^ac- 
t[mts at equilibrium are (‘xpressed in moles p(‘r liter. This method is 
satisfactory if tlu^ n^action is nu'asured in a fairly dilute solution or if 
there is relatively littl(‘ dift(Tence betw^eim the molecular volumes of the 
substances whose* react ivitk^s are being comparc'd. The s('Cond method 
in which the concentintions are expn'ssed in mole fractions should be 
used wlu're a seri(*s of al(*ohols^ for example, an' lu'ing comparc'd in the 
al)S('nce of an addc'd solvent, as otl)(‘rwise larg(' diffeux'iices in th(' value 
of K will appear whej-(* tlu're are no real diffen'iicevs in chemical reac- 
tivity, For example, two acetals having similar per cent conversion at 
(‘(luilibrium had (equilibrium constants dithering from ('a(*h other by 50 
])er c(ent wdH‘n th(‘ con{*('nt rations were ex])r(essed in moles jier liter, in 
fa(*t, the alcohol wiih tlie hic/Jicr conv(*rsion had the lower value for K. 

From tlu' standpoint of thceon'tical ch(emislry, diff(er(enc(es in structure 
as manif(est(‘d by difi('r(m(*(*s in the (extc'nt of n'action should b(e express(‘d 
))y diftereiuaes in tlu* d(‘cr(‘ase of fn'c* (‘uergy (AF) for the reactions. 
Tb(e valiK* of AF may Ik* calculat(‘d from the eciuilibriuni constant or 
from ni(‘asurem(*nts of tlu* el(‘ctromotive foiTe as by Conaiit and Fi(‘,s(*r. 
lI()W(‘V(‘r, if AF is cal(‘iila.t(*d from an e(|uilibrium constant, whi(*h is not 
r(*f(err(*d to tlu* ga,seous state, tlu*n small diftereucc's cannot be considc'riKl 
to b(‘ significant. A ({uotalion from Conant “ is iHertiiuent to this point. 
‘Tf oiH' should acc(ept llu' (*as('S of the quinoiues and the (*iiols as typi(^al, 
one might lie incliiu'd to give' up all att(empts to m(*asure and correlate 
a seri(*s of (e(]uilibrium iiu'asurcaiuents of organic Reactions. The (*xperi- 
nuents witli th(e gas phase* are tim(e-consuming and only possible in 
favorabk' cas(‘s; the r(‘sults obtained may be r(*garded as an abstraction 
wa’thout valu(e in foi'inulating the organic chemistry as we know it, 
which, after all, is tlu* ciu'mistry of licpiid mixtures and solutions. 1 do 
not think such pessimism would be justitic'd, howevc'r, although I do 
b(*li(eve tlu* R'sults 1 have* just eonsid(ered raise* se'rious doubts abenit the 
significance* of emjiiiical r(*lations betw(‘en structure' and slight differ- 
ence's in free* ('n(*i'gy. If this is the case', an attempt to correlate free^ 
(*n('rgy change's and mole'cular structure should be (*oncern('d with differ- 
e'Tice's (Kjiiside'rably gre'aie'r than I kc'ak, unk'ss the gas phase is taken 
as the refe're'iice* states or unle'ss tlu're' is a ve*ry good reason to believe 
that the disturbing iiiti'rmoleeailar force's arc we'ak or cancel in the 
nu'asureme'nts.” 

The relative rates at which comjKninds react may be most simply 
stateul by plotting the i^x'r ce'nt formation of a product against time, or 
by stating the' amount fornu'd after selected intervals of time. If the 
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reaction is (or appears to b(0 a mono- or bimoleciilar irreversible reaction, 
the rate constant may be n^adily calculated. A graphical method is 
more convenient if th(' redaction appears to be more complicated. For 
this purpose the data are plotted and tangents drawn at suitable points 
on the curve, and from the values of the tangents the rate constant may 
then be calculat(‘d. Rat(' constants offer a very coimmicait and concise' 
way of exprt'ssing relative chemical reactivity. The probable signifi- 
cances of small elifferences in rate constants has been ce)nsielereel above in 
the review e)f the papers by C'onant anel Kirner. It must always b(‘ 
borne in mine! that apparent diffeTeaice's bestwe'e'n tlie rates e)f reactiems 
of two compounds may be elue to the presence of small amounts e)f an 
impurity. This pe)ssible pre\sene^e e)f impurities Jiaving a esatalytic e)!!* 
inhibitory e'flect is reanindful of an historian’s state'ment whicli is e‘.\pre's-\ 
sive e)f me)st. liuman aestivity: ^'PeThaps ne) man esaii ever free himself' 
entiivly from prejudice; still it is intere'sting te) try.’' 

Unfe)rtuiiately, rate ^^constants,^^ he)we'veT esalesulatexl, are' all toe) 
often not ^‘e*e)nstants^^ but slmw a ^‘tre'iid,’^ i.e'., ele'esre'ase' or incre'ase 
as the re'action proce'e'ds. This may proesc'e'el fre)m a varie'ty of e*ause‘s. 
The re'action may be acesele'rated en* retarde-^el by a proelnet of the' re'actie)n, 
or a e•atal}^st may be aestivated e)r de'aetivate'el by siie*h a i)r(jeluct. A 
catalyst may elete‘rie)rate. The analytically ele'te'rmine'd ee)ne*('iitratie)ns 
may ne)t be the e'ffective conce'ntratie)ns, e'tc. Many inve'stigators have 
consielere'el only a liinite'el range of the reaestion in repe)rting rate con- 
stants, e.g., the'y have' base'd their ce)mparise)ns upon the' rate of trans- 
fe)rmation e)f the first 10 or 20 pe'r cent e)f the' re'actants e)r U])e)n se)me' 
other portion of thes re'action rate esurve. Authors are' ])art icularly 
likely te) elisre'garel the latte'i* paii e)f the curve' since' ^^side' re'actions” 
and the infhu'nce' of the' aceaimulateel re'action pre)ducts are' particularly 
malignant as the' re'action sle)ws down. 

Severity of Conditions and Comparisons of Chemical Reactivity. 
The methoels fe)r the comparison of che'inical re'ae*,tivity illustrate'd above', 
which inve)lve e'ithe'r the^ de'te'rniination of the' e*,e)ne*-ent rat ions of the' 
reactants at e'quilibriuin or the ce)mparise)n of rate's e)f re‘ae';t,ie)n, are^ sus- 
ce'ptible of preease mathematical fe)rmulation and statement. The're* 
are, howevea', numerous use'Iul comparisons which can hardly be state'd 
except in a eiualitative form. These latter me'the)els are ne)t satisfacte)ry 
frejrn the stanelpe)int of theoretie*nl clieanistry, ye't- they are re'peatc'elly 
used in teaching anel in re'se'arch. Tlu'se methe)els deq)enel upon a ea)m- 
parise)n of the severity of the (conditions necessary to induce a give'ii 
ty})e of reactie)n to occur. The recsults are stated in terms of the te'inpera- 
ture, concentratie)n of reagent, pressure', ‘^activity" of the reage'nt oi 
catalyst, etc., reejuired to bring about a given reaction. 
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For example, Norris and some of his associates have measured 
the temperature at which various substituted maloiiic acids 
(ITO2CCHRCO2H), ethers of triphenyl carl )inoI (Con5)3C()R, and esters 
of triphenylaccdi(‘. acid (C( 3 ll 5 ) 3 C(X> 2 R bc'^in to d(^comj)os(‘.‘^‘^ NoriLs 
states, '^If the (dlua’s are arrana:ed accordiiifz; to d(H*r(\asinfz; stability 
toward heat, the alkyl radicals fall in the order methyl, ethyl, /i-laityl, 
isoamyl, /i^-phenylethyl, ?i-propyl, isobutyl, benzyl, is()])roi)yl, src.-butyl. 
This order, with one exception, is the same as tliat obtained as the result 
of the study of tlu^ lability of tlu^ oxyocai bond in ahxdiols (If — OK) as 
m(‘asured by the velocity of tlie reactions In'twei'ii the latUa* and 
7 >-nitrobenzo 3 d chlorid(\ The two in(l(‘peiid(ait uK'thods })ased on 
different tyj)es of redactions lead to tlie^ same conclusion as to the effect 
of radicals on the lability of bonds/’ A similar stateaueiit liolds true 
for the effect of R upon the? temperature* of de‘ce)nii>e_)sitie)ii e)f the sub- 
stituted malemic ae*ids. 

Similarly, the* relative* stability e)f primary, s(‘ce)nelary, and te*rtiary 
alcoheds te)wards dehydratie)n may be* state‘d in te‘rms e)f the* teinpe*ra- 
ture re*e]uire*el to ehtaii) n de*tect.able amount e)f re'action. For e*xample, 
unel(*r specifie'd ce)neiitie>ns the t.e‘mpe*rature r(*quired fe)r the de'hyelra- 
tioii of ethyl ale‘ohol is 50° te) 60° hi^he'i* than for isopropyl alce)lie)l.‘^*' 
Aryl chlorides re*sist hydredysis undcT ce)nelitie)ns e)f te*mpe'rature and 
re*age*iit that would brin^ abe)ut a rapiel re*aclie)n with alkyl haliele*s. 
/cr/. -Butyl chloriele may be e*.om[dete]y hvdredyze*el at 25° while* isobutyl 
chloride is quite stable*. iMe)ne)alkyl-acete)acetic e*ste'rs are hydredyzed 
at 200° by wate*r; dialkyl-ae*X‘toacetic esle*rs elo not redact at all undcT 
tlu*se conelitieais,^^’ 

The cemcentratiem e)f re*a^e*nt require*d fe)r a ^ivem transformatieMi is 
sennet ime*s use*d as a means e)f cennparison. Fe)r t*xample, the concen- 
tratiem e)f sulfurie*- aend re*eiuire*d fen* the* absorption e)f alke*ne*s is a func- 
tion e)f the* structure* of the latte*r. A i)ro^re*ssive‘ly le‘ss ce)nce*ntrate*el sedu- 
tieni e)f sulfuric acid is re*e|uire‘el fe)r the abse)rption e)f the se*rie\s of alkenes 
havint^ the skeleteni structure's: C=C\ C — C— C- -C -C=C, 
C, C — ( =C C — C=C “C. Dialky 1-acetoacetic estors or 

i 1 

C 

l,3-elike*tone\s may be* cle*ave*el by an amount ed se)elium ethe)xide whie*h 
is but a small fra,ctie)n e)f that ne'(*essary fe)r the e*lenivage of monosub- 
stitute*d c'sten’s e)r dike*toiie*.s.^® 

3 ^ For roforonco to Noi-riH, Young, Thompson, Tucker, und Criisswell, sec J . Aw. Chern, 

Soc., 66, 4lia (19:14). 

Atlkins and Perkins, ihai., 47 , 11(>3 (1925). 

l"or leading references to weak of Adkins, Kutz, Connor, Wojcik, Isbell, and Beck- 
ham, sw ihid.^ 56 , 2(')7() (19:i4). 

Davis and Schuler, ibid., 52 , 721 (1930). 
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The type or activity of a reagent, (or catalyst) necessary for accom- 
plishing a given redaction may be a useful means for 1,he comparison of 
relative ch('mical reactivif.ies. For example, Ziegler and Thielmann 
found that 40 per cent sodium amalgam did not. reard. with let ra phenyl- 
ethane while sodium-potassium alloy ch'aved the hydrocarbon (p. 610). 

Comparison of Chemical Reactivities on the Basis of Relative Rates 
of Competitive Reactions. All the atiove methods for th(^ comparison 
of relative clnmiical react.ivitu's r(?st on the assumption that only a single 
set of reaction products is formed. A more comj)lieat('d situation is all 
too often encounter('d in which a compai’ison of clu'mical rc'activit.y 
must be based on the relative' amounts t)f difterent. se'ts of products. 
Under this head come nuiiH'rous comparisons of chemical reae^tivity. 
Several illustrations of tlu'.se comi)et.itiv(‘ react ioJis which have' be'cn', 
stuelied fe)r a series e)f compeninds are give-n below. 

Pyridine and Alkyl Bromides. Nolh'r and Dinsmore studie'd th<' 
rates of re'action of .se've'ral alkyl bromides with pyridine. The' two 
main re'actions are the formation e)f jevridim' hydrobromieh' and alke'ue' 
and the formation of alkylpyridinium breaiiide's, e-.g. 

C;JI.-,\llbr + Cil..=-('1I.. 

CoTIftBr + C6Ht,N 

The re'actierns we're followe'el by titrating sam])les at suitable' inte-rvals 
feu' acielit}^ (jdieneelphthak'in) anel for bromide' (N'oihard). The rate's 
of e'ach eef the cennpe'ting reactiems we're- e-alculate-d fre)m the se data by 
a graphical methoel. The results are summarized in 'Pable 11. 

TAHl.K XVII 

Rates of Reactions of .\lkyi. lUtoMiDEs and I’ykidinf. (1 IS S^) 

Pyrielinc Ilydrohromiele Alkylj)yruliiiiiim Rnniiiile 


Alkyl Bromide 

I'i 

Bel .-dive 

Bate 

/.2 

Belative 

Hate 

Ethyl 

0 003 

J 5 

0 200 

2 1 

n-Propyl 

0 003 

1 5 

0.129 

1 4 

Isopropyl 

0 020 

10 0 

0 013 

0 14 

n-Butyl 

0 002 

1 0 

0 094 

1 0 

Isohutyl 

0 003 

1 5 

0 0i)7 

0 07 

m*.-Butyl 

0 027 

13 5 

0.008 

0 09 

^cri.-Butyl 

1 75 

875 0 




These data show the greate-r te-nde-ncy of se-condary and e'sj)e'e'ially 
tertiary bromides to lose; hyelroge-n bremiielee anel the-, slowneess of thee 

No/Icr and Dinsnioro, ib'nL, 64, 1025 (1922). 
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addition of thos(' lattor lialid('s to nitrogen, llio r(‘artivi1y of the four 
primary bromides a})[)(‘ars to 1)(‘ of the same order of ma^ 2 ;nit\ide, th(' 
variation in relative^ reactivity ])etwe('n the ext-naiu'S of ?/-l)Utyl and 
e(.liyl bromide beinji; as 1 to 2. 

Formation of Cyclopropane Derivatives, major products ar(‘ 

formed wluai an a'-l)romoglutaric acid (1) is tn'atcal witli concentra<(‘d 
alkali, e.^., th(‘ iormation of a d(M*ivative of (yclopropane (II) (p. 81)), 
an hydroxy acid (III), and an imsaturated acid (IV). 

(TIF.r(H.),ri (dlCH)dl (MIOIRM)JI ClICOoII 

I -f 1 + II 

(Tl,- (TI,(H),U (MI, (MK^OMI (MI,(MI,(M)MT CMI(Mb>(M),l I 

1 JI 111 T\ 

Infold comparc'd tht' yi(‘lds of tli^'sc' tJir(‘^' )y])(\s of ])roducis as 
obtained from jdutaric and two sul>stitut(Ml jilutaih* acids. The yi(‘lds 
of compounds 11, ill, and \\ from tlu sc' acids wer(‘ as follows: 



II 

III 

IV 

r-broinogliitaiie' 

47^'. 

Wo 

3b; 


e;t 

8 

9 

'-br()rac>-/-^./:(-dimc( hyl^hit :it ic 

84 

4 

0 


lb' int(‘r})]*(Med the' larc,(‘r yi(*l<ls of cyclopropane' de'rivative from th<' 
«-))]‘omo-/3-ni(‘(liyl- and (\s])(a*iaJly from (li(i o-1)i'omo-/i, jS-dimetliyl^lu- 
tari(‘ acids as an indication of th(‘ (‘fh'ct of nu'lhyl groups in increasing 
th(‘ stability of tlu' cyclojiropaiu' ring. 

Alkyl Halides and Silver Nitrite. Tin' proportion of alkyl nitrite's 
and nit ro])a ratlins prodnee'd by tlu' re'aclion of a UK'tallic nitrites and an 
alkyl halide is a function of the ])articular iiu'tal, of tht^ halogen, and of 
th(' alkyl gi'oup involve'd. A summary of the' xdeld and i)rop()rtion 
of isomc'rs ])roducc'd by the' react ion of various alkyl iodide's and bremiides 
with sihe'r nitrite is give'ii in Table' XVIll.^^^ 

The re'sults may be summarize'd as folleiws: A large'r proportion of 
nitro ceanpeamd was pi'eieluce'd from the bromieles than from the', ioeiieles 
with I he' exe*e'ption e)f ,srr,-butyl breimiele. Isoamyl bromide gave more 
than twice as large' a jx're'e'iiiage of the nitre) ce)mpe)und as eliel the iso- 
amyl chle)ride. IViinary halieU's cejutainiiig a branche'd chain did ne)t, 
give' as high a pi‘e)portie)n of nitre) compe)unel as diel the straight-chain 
compe)unels. If the' haloge'n in the' alkyl haliele is on a seconelary carl)e)n 
ate)m, the anK)unt of fe)rmalion of the nitro compe)und is matewially less 

TriRold, J. eV^rm. 121, 2(i70 (1022). 

Reynolds aiul Adkins, ./. Am, Chvm. A'oe., 61, 270 (1929). 
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TABLE XVI 1 1 

Yields of Nitropauaffin and Alkyl Nitrites 

I()did(‘s Bromides 



Mixed 

N itro 

Mixed 

Nitro 

Alkyl 

Isonu'rs 

Comi)ound in 

IsomtTs 

Compound in 

Radical 

Isolated, % 

Mixture, % 

Isolated, % 

Mixture, % 

Allyl 



74 

80 

7t-Pr()i)yl 

8e3 

(>7 

8() 

77 

scc.-Propyl 

72 

32 

78 

40 

r? -Butyl 

85 

()1 

88 

78 

Isobutyl 

75 

40 

77 

58 

scr.-Butyl 

70 

32 

08 

30 

/cr^-Butyl 



00 

48 

ls().‘imyl 



78 

07 

7<-Ika>tyl 



04 

71 

«cc.-Octyl 



82 

34 


than for the corn^spoiidiiig primary or tertiary alkyl lialide. It- (cannot 
})(' said that th(‘re is, in ^('iKTal, eitlicT an iner(‘as(‘ or a d(XT('ase in pro- 
portion of iiitro c*omi)ouiids witli increasing molecular wtaj>;ht of the 
alkyl groui). The results oblaiiKHl with allyl bromid(‘ indicab' that 
unsaturation has little^ or no effect on the ratio of isoiiH'rs formed. Th(' 
higlu'St- yi(‘lds of the mixed isonuTs w(‘re isolab'd from the redaction of 
normal alkyl halid(‘s, the yu'ld increasing with k^ngtheming of the chain 
in the bromides. 

The ordcT of incn'asing rate of reaction of th(' alkyl halid(‘s is allyl, 
/£TL-})utyl, .srr.-alkyls, isoalkyls, and ?i-alkyls. TIk' iodide's naicted more 
rapidly than the liromides. Butyl and isoamyl chloride's reacte^l me>r(' 
slowly than the corre'sponeling bromide's, and ise)amyl ebloride gave a 
much lower yic'ld of the nitroparaffiii than the' bre)miele' did, and eve'n 
lower than the ie)dide of a similar alkyl raelie*al. 

Competitive Reactions in the Pinacolone Rearrangement fp. 1017). 
Pinacols containing two diffe're'iit. subslitue'uts R and R' may u])e)n 
rearrangeme'iit give two differe'iit ketone's, depc'iiding upon whether R 
or R' migrates, e.g., 



R 

R 

1 

R'— C— OTI 

j 

R'-C- R 

R'— C'— R' 

— > ; 

or i 

R'— c'— on 

j 

■ 

if 

If 

C 


R 

The relation of the structure of R and R' to the^ ratio of ketones produced 
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has been ilu^ ol)ject of iiiunorous investigations. The status of the 
prol)lcm in 1930 and 19)»3 is well siuuinarized in the Annual Reports 
of the Chemical Sociciy (London) for those years. 

Baehrnann has extcMided our knowledge of the rea(^tion in a A ery 
signifieant. fashion which will b(' considered in d('tail. First may be 
coiisid(n’('d the* rc‘ari’ang(‘Tneiit of symmcdrical ])ina.cols of the tyix^ indi- 
cated in the lorrnula above. Tlu^ jn^oportion t-o which various groups 
migrated in 24 pinacols of this tyjx' is given in Table XIX. 

TABLE XL\ 

i\riGiiATior>: OF (Jiioi rs in Svmmftkical I'inac’ofs 

(Results arc mostly from Bachmaim ])ut include data from Monlapine, Bailor, 
lieale, and Haft.) 


R 

('/ 

yO 

H 

Of 

.c> 

p-Tolyl 

94 

Phenyl 

t) 

/>-Tolyl 

5eS 

/>-Biph(*nyl 

42 

)t>-Tolyl 

3 3 

Ani^yl 

90 7 

/>-Tolyl 

90 

f//-Me(hplienyl 

10 

P-Tolyl 

3 

PluMietyl 

97 

pA\>]y] 

75 

p-Ibt -phenyl 

25 

?//-'!’( )lyl 

G(i 

Phenyl 

34 

?//-TolyI 

13 

/>-Biphenyl 

S7 

o-Tolyl 

0 

Phenyl 

100 

;i-I]t-[)h(‘nyl 

«S3 

Phenyl 

17 

V-iihenyl 

t)0 

Phenyl 

10 

Anisyl 

9.S r> 

Idienyl 

1 4 

Anisyl 

90 eS 

y^-Biplienyl 

3 2 

m-M(‘( )-j)hcnyl 

J3 5 

/>-Biphenyl 

80 5 

o-M(‘( )-[)Iic:i \ 1 

23 

ITenyl 

77 

Phf‘ii(‘t \ 1 

99 

Phenyl 

1 

yi-Cd-pluMiyl 

40 

Idienyl 

00 

7//-(d-j)h(*nvl 

0 

Phenyl 

100 

m-Cl-pluMiyl 

0 

y>-P>il)henyl 

100 

c-Cd-pli(*riyl 

0 

Phenyl 

100 

/>-Bi-plicnyl 

42 

Phimyl 

58 

?>-Br-})licnyl 

4 5 

'/>- Biphenyl 

95 5 

///-Br-phcnyl 

0 

Idienyl 

100 

/>-Br'ph(‘nyl 

0 

Phenyl 

100 


Ta))le XX givt's th(' ‘'migration aptit-udes” of the various radicals 
(as n'fonvd lo i)h('iiyl ('ciiials 1), oalciilali'd l)y Bachnianii from the 
fipuros in Table' XI K. I'or example', the' y>-1e)lyl raelie^al mif>:rate'el to the 
extend eef 94 per e-e-nt anel the ])heiiyl tee the e'xtent eef 6 per cent. The 
migration ajetitnde of p-teelyl is 94/G eef that of the phenyl or 15.7. 

I or leading rofcrciiccs, vsee Bachmann, ami Stcinberger, ibid,, 56 , 370 (1934). 
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TABLE XX 

Migration Attitudes in Symmetrical Pinacols 


(Baclimann) 


Anisyl 

400 

Phenyl 

1.0 

Pheneiyl 

400 

p-Io(lopben 3 d 

1 0 

7 >-Tolyl 

15.7 

p-Br()ni()})hen\d 

0 7 

yr-Bij)lieiiyl 

11 5 

p-ChI(>roj)he]iyl 

0 7 

y>-Isopropy 1 phen 3 d 

9 

r>-MetlK)X 3 ']dienyl 

0 3 

p-Eth 3 dphcii 3 d 

5 

^//-Bromophetiyl 

0 

w-Tolyl 

1.9 

?x-Chlor(>phcn34 

0 

m-Met hox 3 "ph on y 1 

1 6 , 1 8 

o-Br()ni()plu‘n 3 d 

0 



o-Chl(RT)Dhenvl 

0 


Table XXI shows tlu^ extent to which R and R' migrated in ,s(‘V(m 
pinacols not prc'viously studi(‘d as (‘om})ared with tlu^ niigiations as 
predicted from the figures in Table' XX. It is ol)vious that th('i‘(' is an 
extraordinarily close' agre'emeait Ix'twc'en the' ratio of ]iroducts ])r('dict(‘(l 
and found. In other words, the ^hnigi-ation aptitudes’’ ap])('a.r to lx* 
independent of the ])arti(*ular symmetiical aromatic pinacol involved. 

TABLE XXI 

COMTARISON OF IMiEDICTEI) ANU) A(’Tr\L M IGllATK )XS 


(liaclimnnn) 


Groups 

Predicted 

Found 

Ctroups 

Predicted 

t'ound 


/(j 

f ' 

/€ 


( ' 

(' 

( 

p-Tolyl 

57 

58 

Phenekd 

99 8 

99 

2?-Biphen3d 

43 

42 

Idu'nyl 

0 2 

1 

7^?-T()lyl 

14 

13 

77-Bn)rno])henyl 

0 

4 5 

7 ;-Biphenyl 

8 () 

87 

/r-Bijdieiu'l 

94 

95 5 

Anisyl 

97 5 

90 8 

/7-Ethylphen3d 

21 

25 

/7-Biphenyl 

2 5 

3 2 

P-Tolyl 

70 

75 




7 >-Jhphenyl 

100 

100 




//?-Chlor()p}ienyl 

0 

0 


Quite a different result was obtahuxl wlaai tli(‘ migi'ation aptitude's 
of UTisymrnetrical pinae'ols we're' st.ueliexl, ie)r he'ie' 

the relative rate^ of migration of R' anel R is e*e)niplicate'd by the^ e‘flee*t 
of these radieads in dekirmining whe'tlie'r the' oxyge'U e'liminate'el te) fe)i*m 
water comes frenn the carbon atemi carrying R' err R. Tables XXII 
gives the relative amounts of migratiern of various radie*als in such 
unsymmetrical pinacols, and Table XXIII the migration aptitudeis 
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calciilaiod fiom the dala in Tablo XXII. It will be noted that the 
migration a])litud('.s an' not indej»endent of tlie strueture of (he pinacol 
used a.s a basis of (•omi)anson. 

TABLE XXII 

Miokation ok (Jiioii's IN Unsymmetuicai. Pinacoes [R2C(OH)C(On)B'2] 


(Haclimann) 


11 

(' ' 

/O 

IV 

e/ 

/O 

Aiiisyl 

28 

riuniyl 

72 

riienctyl 

33 

Phenyl 

07 


49 

Phenyl 

51 

7/i-Toly] 

50 

Idienyl 

50 

yi“Cl-i)li('iiyl 

43 

Pluniyl 

57 

7>-Bipli(‘TiyI 

54 

Phenyl 

40 

y>-Biplicnyl 

58 


42 

Aiiisyl 

45 

?i-Tnlyl 

55 

Bhon'yl 

78 

Jhphenylene 

22 

w/-T()ly] 

54 

Biphenylene 

40 

p-Tolyl 

14 

Biplu'nyleiu' 

20 

Anisyl 

2 

Jii] dienylene 

98 

rheiiel.yl 

4 

BiidienyJene 

90 


TABLE XXHT 

IMlGKATION ArTlTl’DKS IN I 'NSYMMETUICAL PtNACOLH 


Grniip 

(Baclinuimi) 

{«) 

(.h) 

Anisyl 

0 39 

0 000 

Phendyl 

0 49 

0 012 

7 >Cl-phenyl 

0 75 


7i-4\)lyl 

0 90 

0 040 

Biphenylene 


0 31 

7// -Tolyl 

1 00 

0 33 

Ph(‘iiyl 

1 00 

1 00 

;>-Biphenyl 

1 18 



The fiRurcB in e<jluinn vo) me fioin phenyl iind tolyl pinaeolH; those in (h) are from piiiacols contain- 
ing biphenvlene, e^ 

KoCXOIDCTUll) 1 

Competition in the Reaction of Two Alcohols or Amines with Phenyl 
Isocyanate. Dnvis, Farnnm, and Fbersoh' have made significant 
studies with respect to the I'elative rates at which various pairs of alco- 
hols or amiiK's reacted with phenyl isocyanate. 

CclFNCtO + ROH -» CcTUNHCOaR 
CfillftNCO 4- RNII 2 -> CelRNHCONIIR 

Davis, Farmini, and Ebersolc, iTnV/., 56, 883, 885 (1934). 
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They allowed one equivalc'nt of phenyl isocyanate to react with a mix- 
ture of one equivalent of each of two alcohols (or amines) and then 
determined the relative*, amounts of the two possible* products. 

The*y conclude that “the* re*lative velocities of the pi'imary alce)hols 
ethyl, n-propyl, n-butyl, ise)butyl, and «-amyl have beem fe)und to lie 
between 0.7 and 1.0, those* of sco.-proi)yl and scc.-butyl alcohols to be 
about 0.33, anel those^ of tcrt.-butyl and /erf.-amyl to be^ less than 0.01 of 
the relative r(*action velocity of methyl alcohol. The relatives reaedion 
velocity of aniline is about 0.5, and those* e)f ethyl-, 7;-pre)j)yl-, ?)-butyl-, 
and n-amylamine be*twe*{*n 8 anel 10 tinM*s that eef ammeenia. The* e*fTe*ct 
e)f the ethyl, H-propyl, re-butyl, anel //-amyl groups upeen the* redact ivity 
of the primary alcohols towarel phe'iiyl iseetyanate is proportieenal to 
the'ir e*ffect upon the re*activity of the* primary amines toward the* same 
reagent.” 

Competition in the Cleavage of 1,3-Diketones. An unsymme*trie^al 
l,3-dik(*tone may cleave to give* either of twee sets eef jereeelucts, e*.g., 

^ RCOoIl + CH.,(;()R' 

1I20 -h RCOCII 2 COH' / 

^ R'(’()2n -f CUaCOR 

Braelle*y anel Reebiiiseen studie*d tlm hydieelysis in a 1 pea* e‘e*nt soelimu 
hydroxide sedation of a number eef elike'te)ne*s in which R and R' we*re* aryl 
groups. A summary eef their elata is give*n in Table* XXIV. The*y e'em- 
clude* that “With two exe*e*ptie)ns the* streuiger e)f the ae’iels whie*h might 
be formed was found to be proelue*e*d te) the greater (*.xte*nt.” 


TAliLE XNtV 

Cleavaoe e»E ] ,3-DiKETerNES RCX)CH2C01!' 
(liriMlIcy and Rohin.son) 


R 

IP 

RCOall 

Phenyl 

0 “]Methoxyphenyl 

IS 

Phenyl 

w-]\Iethoxy phenyl 

38 

Phenyl 

p-IVI cthox yphenyl 

50 

Phenyl 

p-l sopropox yphenyl 

67 

Phenyl 

r/f-Chlorophenyl 

34 

Phenyl 

p-Chlorophenyl 

3(> 

Phenyl 

7??-Nitrophenyl 

18 

Phenyl 

p-Nitr()j)henyl 

19 

Phenyl 

2,4-Dimethoxyphenyl 

25 

Phenyl 

3,4-Dimeth()xyphenyl 

49 

Phenyl 

3,4,5-Tnniethoxyphenyl 

31 

p-Methoxyphenyl 

w-Methoxyphcnyl 

21 

3,4-Dimethox3^phenyl 

777-M ethoxy phenyl 

60 

3,4-Diiriethoxyphenyl 

p-Methoxyphenyl 

66 


Bradley and Robinson, J. Chem. Soc., 129, 235G (1926). 
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The alcoholysis and hydrolysis, under various conditions, of a num- 
ber of aliphatic diketones have also been studic'd.^^’ A summary of th(' 
data is given in Table XXV. With these compounds it does not appear 
that the stronger of th(^ two possible acids (or its ester) is produced in 
the greater proportion. Thc^ experiuH'iital conditions during clt\avage 
modified the ratio of cleavage' products. The cleavage oc(‘ui\s on the' 
unenolized side of the diketone so that the direction of enolizalion is an 
important considerafion in deteTinining the i)oint of cleavage of the 
molecule. 

Bartk'tt has written significant papers in de'seribing his studies of 
competitive rates in the enolization of ketones.'*'^ 

TABLE XXV 


Cleavage of Unsymmetkical Diketonks Clt^COCHsCOl^ 



ClIaC().,Il 


CIl.iCOoTI 


(or [']st(T) 


(or fXter) 

R 

/(j 

R 

, (' 

n-CWh 

43 * 

tcrt.-C^lU 

90 * 


49 t 

/crC-Cjllo 

75 § or t 

Ti-Calb 

52 t 


91 » 

ri-Cdli) 

54 t 

/cr/.-C4tI‘) 

5S1 

y^-C.il ly 

61 ♦ 

Earyl 

100 * 


55 t 

iHiryl 

100 t 

iso-C illy 

(»(» t 

Cycloliexyl 

53 t 


5S § 

Cyelohexyl 

58 * 


65 ♦ 

Plieiiyl 

100 t 

iso-C.i 1 1 9 

C)7 t 

Phoned 

SO § 

,srr.-Cdi., 

SI * 

Phenyl 

100 * 

,SYY’.-Ctil 1 9 

62 t 



=»- KIOII 

4 JI(‘l at (.0" 



t < )iu* 1>« 

'T Ji'juyou.*^ aoliUioii of 

aodninv hv<lioxui(* 

:it tiO". 

Dry i: 

ton m Inal'S at : 

.!nt)‘’ 


§ i‘:tou 

I tiacop ol aluiinmini ftln 

jxidt‘ at 200°. 



Competition in the Cleavage of Unsymmetrical Diarylmercury 
Compounds. Kharasch and his associates have made an extensive 
comparison of the amounts of products obtainc'd by th(' reaction of 
hydrog(*n chloride with unsymmetrical diarylmercury compounds 
(p. 519). The type reaction is: 

, IIH + RTIgCl 
RITgR' + IlCl < 

^ RTI + RllgCl 

Barllcit and SiaufFcr, J. A?n. Clum. Soc., 67, 25S2 (19^5). 

For leading rcfc^ioiuvs to work of Kharasch, Gralllin, Marker, Ideniior, Sher, Rcin- 
iiiiith, and Mayo, see 7. Chetu. Education, 11, 82 (1934) ; J . Chcin. Sac., 54, 674 (1932). 
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If it be assumed that the more electronegative radical unites with th(^ 
hydrogen, then the relative amounts of RH and R'H formed (oi- of 
R'HgCl and RHgCl) are a measure of the relative electronegativity 
of R and R'. Uj)()n this basis Kharasch has concluded that, in order 
of decreasing “electronegativity,” c.(;rtain radicals may be listed as 
follows: p-methoxyphenyl, o-methoxyphenyl, a-naphthyl, o-tolyl, 
p-tolyl, JJi-tolyl, j)h('nyl, 7 >-chlorophenyl, o-chlorophcnyl, m-chlo]-o])h('nyl, 
2,4-dichlorophonyl, 2,5-dichloroph(‘nyl, methyl, (!thyl, ?i-])roi)yl, ?;-bu(y], 
li-heptyl, benzyl, /3-phenylethyl, p-chlorobenzyl, e-chloi-obenzyl, and 
TO-chlorob(inzyL 

Kharasch calls attention “to what to me is an ('xtremcly important 
and striking generalization, namely, that tin; ek'ctronegativity of any 
radical which can be made by the din^ct introduction of a sul)stituent 
into an organic radical is low'cr than that of the j)ai'en(. substance. 
Thus th(‘ chlorophenyl radical is much wc.ak('r in elect roiiegativily tlian 
the phenyl and the dichlorophenyl radical is still lower in (dcctroiu'ga- 
tivity. The para-, ortho-, and H(c/a-chk)rol)(mz('n(i 2 ’adicals are lowc'r in 
ekictronegativity than the benzene; radical. The comhision oik' would 
draw from these data is that whereas by superficial examination of sid)- 
stituted rtiolecules one viewpoint, jm'dicts that the mok'cuk' slntuld be 
more electronegative than the; paivnt substance' while' the othe'r that it 
shoulel be less ek;ctre)negative, the latte'r view woukl probably be; true 
in most cjases.” 

The-re is a superficial re'se'mblance betwe'e'n the' me'thod for ceanparing 
radie;als note'd just above anel, few example, (’onant’s metheiel e)f ele'tew- 
ininiug the; re'lative stre'iigih eif twee we'ak acids by allowing a mok'cular 
equivak'nt of (;ach tei compete' for eine' molecular e'quivak'iit eif se)dium. 
Heiwever, there is a fundame'iital eliffere'nce be'l.we'en the' two me'fhoels 
in that the lattew invedves a reversible reaction while' Kharasch’s de'pe'iids 
upon nein-reversible re'actions. 

Interpretation of Data on Relative Chemical Reactivity. An im- 
portant limitation upem the inte'rpretatiem eif elata be'aring ujion re'lative' 
chemical re;activity is that fre;que'ntly the e'xpe'riment.er doe's neit know 
exactly w’hat he is me'asuring. In all studies e)f the variaf ieni in the cem- 
centration at equilibrium with variation in the' stnie'.ture e)f the' re'ae;tants 
there is a strong probability that the e;e)ne;e'nt rations as measure'd will 
not be the true cemcentratiems eir activit u's. This is true' be;cause' of the 
prevalence' of molecular assoe;iatieni among organic comjieainels, es- 
pecially those ceintaining oxygen anel nitreigen, whie'h are eif the' most 
interest. Furthermore, there; are few, if any, simple; ee|uilibria aiming 
organic reactions. For example, the reaction of an alde'hyde with an 
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alcohol to form an acc'tal cc'rtainly involves at least three, ecjnilibria 
besides tliose conc('rn('d with the catalyst. 

RCIIO + R'OIT RCII(()II)(OR') 

i{Cii(OM)(oR') + iron rcii(or')2 + 1I2O 

i;CH() + HaO RCH(()H)2 

If, is possible, of course, to ineasun' the ('(fcctive conc(’ntralions by a 
deb'rmination of the vttpor pressures of (he comi)onents of tlu! equi- 
librium mixture. This has Ix'en done for a f('w reactants, but it is not 
practical to do so for an (‘xlended list. !(■ may be that th(' com[)lexity 
of (h«^ ac('tal reaction is xmicjue, but i( is (‘(|ually jirobable that its com- 
jd('xily is only more appar('nt than (hat, of .some other n-actions. 

A similar situation arises with respi'ct to rate studic'S, for in thes(' 
th(‘ reaction measured is the slowest one involved and if several st('ps 
an* eonceriK'd it is by no means (xatain that tin' slowest rc'action with, 
l('t us say, benzyl chlojid(', is the sanu' step in the chain as the slowest 
react ion with, let us say, dodecyl chloride. 

A reply may b(' mad(' to .such criticisms to the effect (hat the organic 
chemist is not conec'rned with that mystic realm that never was, in 
which all solutions and gases are ideal, and which coiT<‘s{K)nds to a 
mathematician’s dream. Ratlu'r is he concerned with a world of physi- 
cal reality in which the solutions he uses are far from ideal, in which 
association and catalytic, effeccts are couph'd with a multiplicity of side 
rc'actions. Tlu' organic cliemist wishes to knoAV, first, of all, something 
about the relative' rat,('s of reaction of various alkyl halides, for examples, 
fi’om whatevc'r sources these differences may arisen. Secondly, h(c would 
like to know’ w’hat ai’c' the differences in molecules which re.sult in diffc'r- 
ences in rates of reaction. Khara.sch, Reinmuth, and Mayo in refercucce 
to disrc'garding all ('xperinuaits w'hich do not serve for the calculation 
of free energy^ change's ve'iy aptly remark: “Whilee it is emiiu'ntly safe 
and re'spectable' in t hat it, never permits one' to make any mi.stake's, it is 
also e'lninc'ntly ste'iile in that it se'lelom pe'rmits one to do anything.” 
And it lias been said that “The notion of absolute acidity as distinct 
from the re'lative activities of some' particular acid in two eliffc're'iit sol- 
ve'iits, must be re'legated to the limbo of seductive but, meaningk'ss 
fiction.” 

Although the point of view exjire'ssed above amply justifies expe'ri- 
nu'ntal comparksein eif the che'mical reactivities of a se-ries eif ceimpounels 
by any of the various nu'thods, yet one should neit attempt to draw 
conclusions from such data with a tacit a.ssumption of ideality. Cer- 
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tainly one should not mix indiscriminately conclusions drawn upon the 
basis of equilibrium in a reversible reaction with conclusions restin^^ 
upon measurements of rates of reaction or upon th(' sevtirity of conditions 
required to accomplish a giveui type of transforma (Ion. Th('S(' various 
phenomena are, of course, redated, and Norris, for example, has shown 
a parallelism between the order of chemical rc'activity of a series of 
substituents as mevasured by rates and severity of conditions requin^d 
for a reaction to occur. 

The facts given above with respect to rates and equilibria in the 
formation of semicarba zones and acetals and in th(‘ migration of double 
bonds show that there is no correlation between the raie of a reaction 
and the deenvise in free energy or extent of the reaction. This, of 
course, is not saying that th(Te is no connc'ction Ix'twcam the rate of a re- 
action and thermodynamics (Chapter 23). It is mendy stating that the 
driving force' or decrease' in fre'e e'ne'rgy is only one^ of the' factors deter- 
mining reactions, and that in many iTaedienis it is not a ve'iy iini)ortant 
erne in determining rates of reaction. Space' factors, the' a term in van 
eler Waals' eeiuatiem, and e)rie'nting or activating characteristics, etc., may 
play the' ele'termining re)le. The stateme'iit maele' abe)ve docs incayi that 
it is certainly unsafe' to atte'inpt to elraw de'finite' ce)ne*lusions as to e'lf'e;- 
tronic structure (Chapter 25) eai the' basis of rc'sults oI)taine'(l from 
studies of rates e)f reaedioii. Iiifact as Ijapworlhand ]\ransk(‘haveqx)inte'd 
out, ^Tt should be re'alize'd from the* outsed that the ])riniar 3 ^ interior 
effect e)f a given substitue'iit on an ateaii varie's e'veii in sign with the' 
nature of the atom at which substitution tak(‘S ])lae*e‘.” 

The inte'rpretation of data on re‘lative edieanical reactivity based 
upon ce)mpetitive re^actiems is ])arlie*ularly hazai*elous. This is true^ 
because rates of reaclie)n anel particularly relative* rates of competitive' 
reactions are so sensitive te) the expeTime'iital conditiems of ti'inperature*, 
solvent, catalyst, etc., and to aj)parently minor diff('re'nce‘S in the^ physical 
and chemical characteristics of the i)articular spe'cie's e)f mok'eaile uiidcr- 
geung reaediem. Partiemlarly striking evide'iice' upon this peant has eH)me 
to light in connection with the aelelitioTi of hydre)ge‘n bromide to an 

. RCllBrCdl.,' 

alkene, i.c., RCH==Cli 2 + llBr / . A gre'at many e'xpe'ri- 

^ RCIRCICBr 

ments over a long pe'rioel of time indie^ateel that the* breanine woulel 
always adel to the secondary carbon as indie^ated in the first redaction. 
Howe've'r, Kharasch and Mayo have* she)wn that, with bute'iu'-l, either 
6*e6*.-butyl or n-butyl bromiele may be' e)btaine'el elepending upeai whe'the'r 
the reaction mixture contains eliplu'nylamine e)r be'nze)yl i)('re)xiele. 
Whe'ther or not a reversal of the dire'ctie)n of aejelition is e)btained de*- 
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pends upon the solvent, the reagents, and the slmetuiv of the alk(‘iie 
involved."^® Among otlier illustrations to the same (aid may Ik' cit('d tlu' 
following: TIu^ ratio of (cleavage prodiu^ts of th(‘ imsymmc'tric’al l,)l-dik('- 
tones is distiru'ily modified by eliang('S in the conditions of r(\‘iction 
(Table XXV). De (VusUt has shown the sann^ statcmuait to \w Inn' 
with respect to th(' ck'avagc' of unsymmetri(*al siinjiU^ ki'toiu's l)y sodium 
amide, sodium hydroxide', (Tc.'*' 

The ratio of alk^d nitrite' and nitroparaflin f)ro(luc(‘d by the n'aetion 
of an alkyl halide' and silver nitrite Ixairs little' relationship to the ('lea'tio- 
chemical charae'le'i* ejf the' jiarticular alkyl group ajid haloge'ii involve'd. 
The proportion of oriho-, mcla-, and /le/rez-coinpounds produea'd by sul- 
fonatiem, nitration, or halogeaiation of benzeaioid ek'rivatives is pro- 
foundly modified by the' reage'nt and e'xjK'rinu'ntal e*onditions. In e*on- 
trast with the'se re'actions are the' beauitifully e'e.msiste'nt re'sulls obtaine'd 
by Bachmann on the re'lative' migratory ajititude s of !“adi(*als base'd u})on 
the rearrange'ine'iit. of symme't.rical te'traaryl pinae'ols. 

The' lack of a consist e'ut re'lationship betwe'e'n the' ratio of ])roducts 
forme'd in compe'titive re'actions and the re'lative stability of the' j^rod- 
ucts from the' standpoint of e'uergy relationshi]), ('l('(*t rocln'mistiy, 
and the'rmodynamics is veay ceTtain. For e‘xam]>l(', it is we'll e'stablishe'd 
that tin' rings in cye'.lic ke'tones (j). 105) (‘ontaining six or more' carlxin 
atoms are of ajijiroximate'ly ('Cjual stability wlu'u on(*(' forme'd. Ye't 
there' is a gre'at variation in the' re'lativ'e' yie'lels of su(*h ke'tone's obtaine'd 
by he'ating a salt of a dibasic ae*id, de'pe'uding upem tin' number of car- 
bon iitoms in the' chain of the' acid and otlu'r fact,ors. Uuzicka has 
j)oirit,e'd out that the yk'ld of ket-one obtained is pe'ihaps a function not. 
only of the staliility of the ring (which is constant for six or more' (*ar- 
bon atoms) but also of the distance' be'twe'cn the* ('iids of the' e'hain in the' 
ope'ii-chain cenn pound. 

He)we'ver, the' jirese'nt. author does not wish to suggest that tlu' study 
of compe'titive re'actions will ne'ver show the' re'lative' stre'Uglli of boiuls, 
relative' ek'ctroiu'gativity, etc., but only that such a comparison e'annot. 
be de'i)e'nele'd upon to e_lo so. Idir ('xample', I\haras(*h be'Fn've's that the' 
proportion of two hydrocarbons re'sulting from the cleavage of me'rcury 

4G Y(^r ri'foroiicos soo Kliai iiM-li atid McNab, ,/. Am. Ch< m. S<h'., 57 , (19:55) ; Shon ill, 

Mayer, and Walter, ihid., 56 , 92ei, 1C»45 (19:54); Whitmoiv and llonu'.vt'r, Car/., 55 , 455.5 
(19:53) - Jaiistoad and Uydon, Nature, 132 , 94:5 (19:5:5); Asht.on and Smith, J. ('hem. Noe., 
130S (19:51); Aun. Rept^. Chem. Nor. [LotidotO, 36 , 319 (19:59). 

Do C’oiistc'r, N al u Line. Tijchetir., 14, ISi^ (19.)J) [( • .!■, 26, (193--)]. 

Kuzicka and oo-uorkors, lletv. ('him. 9 , 512 (1929). 

* It may ho that tho lolativo yiohls of oyrlopropano doinativos ohtainod hy lna:old, 
iiotod oarlior in this ohaptor, ai-o roally a rnoasuro of the rolativo stability of the oyolo- 
prooano lintrs formed. Novcrtholoss, tho method i.s one of dubious ^ aliio. 
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cU'rivatives (R — — R,') with hydro^ron ehlorich' is indopoiuh'ni of the 
cxperimontal conditions and so s(Tves to company the relatives “eloctro- 
iie^ 2 :ative'' cliara(^t-er of R and R'. If this bo t.nu', and th(' use of the 
tables of r(‘lative r(‘activities so obtained S(Tves to rationalize' a variety 
of ('xpeTiinental findings, then the method will have' be'en e)f ^i;re\at se'rvice, 
for, as Kharase*h reanarks, ‘'The true value e)f a tlv'ory e)r hype)the'sis 
must be elet ermiiK'el by its utility and is in no way reflated to the debating 
prowess e)f its pre)pe)nentns/' 

The're' is no intentieai on the authe)r\s part e)f minimizin**; the impor- 
tance e)f studying: the' re'lative rates e)f cennjH'titive' re'ae'tions. (iuite the 
contrary vie'W is held, for ap])ar('ntly in lU) ince)nside'rable ele'^re'e' the 
})ro^ress e)f e)rganie*. chemistry lie's threni^li sueh stuelies. In fae^t, e)ne 
of the' me)st impentant- ^rou])s e)f pre)l)le'ms in e)r^ai]ic ehe'mistry is ce)n- 
cerne'd witli the', c-emtre)! of the' ratio e)f ce)m})e'titive' reae'tienis. It is a 
matte'i* of he)pe anel e)f satisfae'tiem to kne)W t hat in a ^reat^ many re'actieais 
the ratio e)f reactiem j)re)elue‘ts is ne)t. dete'rmine el by the' laws e)f theaine)- 
dynamics, but tliat it may be' moelifie'el more e)r le'ss in ae'-e*e)rel with the' 
desire' of the' chemist. The e*he']nist in this fie'lel of experime'ut-atie)!! is 
not like the engine'e'r e)f a le)ce)me)tive wlu) enust elrive' wlie^re' tlie' rails 
le'ad; rathe'r is he like' a man at the^ whe'e'l of a car who has many roaels 
ope'Ti to him t-o b(' fe)lle)we'd at his ple'asure'. 

It was state'el abe)ve' that tliis chapte'r was ne)t e*e)ne*e‘rne'el with the' 
develofHiienit. e)f "me)ele'ls which have' ])roj)ertie‘s analo^e)Us te) the)se' e)f 
the' pheneanena’’ of le'lative e'he'iuical re'ae^tivity. This lat*k e)f ce)nc('ru 
fe)r hype)th(‘se's as te) the^ me'chanism of re'actions, sue*h as the)se' e)f Inp)lel, 
fe)r (‘xami)le*,‘^‘-^ shoulel ne)t be* construe'd as any T‘(‘tle‘e*t ion upon the* value's 
of sue*h h}'pe)the'se‘S. It may l)e well the‘re'fe)re te) enel this chaj)te'i- with 
ane)ther pertine'iit eiue)tatie)n fre)m Langmuir.’ 

'‘Skepticism in re'^ard te) an absetlute* me'aniu^ e)f worels, c,e)ne*.e'pts, 
models or mathe'matical the'e)rie.‘s shoulel not pi*e‘ve‘nt. us fre)m usiu^ all 
tliese abstractiems in ele*scribin<i; natural i)he‘ne)me'na. The* prop'e'ss e)f 
physical ehe'mistry was probably se't back many ye'ars by the* failures 
e)f the che'inists to take full aelvantage* of the* ate)mie* the'e)iy in ele'scribino- 
the phenonu'na that the'v obse'rve'el. The re'je‘ctie)n e)f the^ ateanic thee)ry 
fe)r this purpe)S(* was, I belie've, base'el ])rimarily upe)n a mistake'll atte'inpt 
to descril)e nature in some' abse)lute' manne'r. That is^ it- was thou^iit. 
that such concepts as e'ner^y, e'ntre)py, te'mpe*rature, che'inie'al pe)t-e'ntial, 
etc., represented something far meire ne'arly al)se)lute' in charae'ter than 
the concept of atoms anel meik'cule's, se) that nature* sheiulel pre'fe'rably be^ 
described in te'rms of the fe)rmer rathe'r than the* latt.e'i*. Wc mud now 
recognize, however, that all of these concepts are human inventions and 
49 Infold, Chnn. Rev., 15 , 225 (IdM). 
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have no aJvsohitv indcpcndcuf exi.^lencc iti nafurr. Our choice^ thrrcforCj 
can/iot he hetwccu Jaci and hi/poihcsis, but onhj hettrcen two ci>n('Vj)b^ {or 
between two modeh) irltich e)iable //.s to (jire a better or wor.^e deKeription of 
nal'ur(d phenomena ].>v Ix'ticT or worse' w<^ int'aii ii])])ro\iiiiat('ly siin- 
])1<T or iiiori' e*oini)li(*at(Ht, more' or loss oonvooionij more' or l('ss ^(Tioral. 
If we oooipare Ostwald’s alteaipds to t-e'aoli olieaiiislrv witlioiit th(‘ use 
of the aioinic llioory with a j>:oo(l loode'rii ooui'se based upon th(‘ atomic* 
tlu'ory, wo ^ot. an iind(‘rstaiidiTi*»; of what should be* meant by Indt-eu' 
or worsed’ 
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iiium comjiounds 

Aluminum isofiropoxide, use in reduc- 
tion, 677 
Ameripol, 760 

Amides, hydrogenolysis to amines, 831 ~ 
833 

optically active, rearrangement, 983 
Amine oxides, optical isomerism, 417- 
419 
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Amines, alkylation, 1233 footnote 

aromatic, aldehyde condensation, 201 
C-alkylation, 201 
coupling!:, 191, 192 
preparation from sulfonic acids, S94 
reactions of, 185- 202 
competition with phenyl isocyanate, 
1009 1070 

coupling of tertiary, 195 
diazotization in hydrofluoric acid, 950 
formation by hydro^eiiolysis of 
amides, 831 -833 
IIinsber#r test, S98 899, 900-901 
methylation, 1189 footnote 
reaction with unsat uratcal aldehydes 
and ketones, 079 
secondary, synthesis, 000 
tertiary, attem])ts to resolve, 403-401 
Amino acids, acylation, 1092 
amphoteric character, 1095 
analysis, 1090, 1092, 1120, 1134, 1112, 
1149 

carbobenzoxv, 1117 
chemical reactions, 1090 
(‘la ssi 0(!a-t i o n , 1 08 1 - 1 ( 182 
coiifii^urat ion, 1 085 - 1087, 1118 
(h'amination, 1 lOl-l 102 
decarboxylation, 1091, 1097, 1155 
dipolar ions, 1088- 1090 
electrophoresis, 1 080 
est erilicat ion, 1090 
formaldehyde tit rat ion, 1087, 1090 
formation of f)oIyami(l('s fi-om, 722 /24 
^ 2 ;eneral projiert ii's and rea(*4ions, 1085— 
1104 

indis])ensable, 1083, 1102 
isoelectric point, 1087-1088 
natural, 1079 1105 
optical activity, 1085-1087 
oxidation, 1 1 00-1 1 02 
preparation, general methods, 1104- 
1109 

raeemizat ion, 1 093 - 1 095 
Raman s])e(‘tra, 1089 
reactions, with aldchydc'S, 1090-1098 
with tx-k(t o acids, 1 097 


Amino acids, separation, 1082-10vS3 
solubility, 1087 
synthesis, 1101-1108 
titration, 1087, KKKl, 1090 
Amino alcohols, optically active, nv 
arrangement , 987- 988 
Arninocellulosc, 1083 footnote 
Amino (!ond('nsation products of sugars, 
structure, 1579 1580 
«-Amin(H^-hy(l?-o\ybiityric acid, 1123 
Amino sugars, 1013-1017 
Ammiiu's, clK‘late derivatives, 1870 
orgaiuancl allic, 553 

Ammonia., reaction with unsat urat('d 
(‘arbonyl (’onpiounds, (>79 
Ammonia system, Litpiid amiiKjnia 
ri'actioiis 

Amolonin, 1 150, 1457 

Amylene oxide sugars, definition, 1555 

Amyloid, 1095 

Anabasine, 1193 

Androgenic hormones, 1198 1510 
assay, 1498 
bis('xual, 1509 

conv(Tsion to (»strog('ns, 1508 
isolation, 14t)9, 1502 1503 
rnal(‘, 1509 1510 
physiological ai'tion, 1508 -1510 
])!incipal members, 1500 -1501 
related compounds, 1500 1501 
st (Teochianist ry of the hydroxyl 
gr()ui>s, 1501-1505 

structure and physiologii'al activity, 
1508 1510 
testosterone, 1503 
t raiisforination, 1 505-1 508 
/(-A^-Androstane derivatives, 1510 
An d r( )s t an (hJ i ( )1 , 1 5( )9 
Androstnnethone, 1 502 
A-’-Androstenediols, 1502, 1504, 1509 
from dehydroaridrosterone ai^ct-ate, 
1504 

spatial configuration of hydroxy 
groups, 1504 

A'^-Androsttmedione, 1502, 1510 
from testostia'one, 1503 
reduction to testosteroiu^, 1529 
A ndrosterone, 1499, 1502, 1504, 1509 
])reparatiou from cholesterol, 1506 


witli nit rolls acid, 1001 
with quinones, 1097, 1098 

resolution, 1109 
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Angostura alkaloids, 1208-1209, 1254 
Anhalamino, 1210-1211 
Anlialidine, 1210 
Anhaline, 1210 
Anhaliniiio, 1210 
Anhalonidine, 1210 
Anhalouino, 1210 
Anhalonium alkaloids, 1209-1211 
Anhydrides, polymeric, 7d5 
Anhydrostrophanthidins, M40, 1442- 

1443 

Anhydro sugars, 1()17-1()23 
butylene oxide type, 1G21 
ethylene oxide type, 1G1S-1G21 
propylene oxide tyfx', 1G21 
Aniline, additk)ii to quinoiies, G91 
Animal c(‘llulose, 1G()7 
Anioiioid activity, 1S59 
Anserine, 1158 
Anthocyanidins, 131G 
absorjition sp(H*tra,, 1326 
degradat ion, 1 320-1 323 
distribut ion, 1 330- 1 33 1 
occurrence, 1 330 1 331 
properties, 1329 

relation to other jdant products, 1328, 
1330-1331 

synt hesis, 1 323 -1 324 
tests for, 1327-1328 
types, 1318- 1319 
Antliocyanins, 1 31G-1331 
acid radicals of, 1319 
acylated, 1319 
color, 132G 1327 
color of salts, 1325-132G 
glycosidie nature, 1319-1320 
isolation, 1324-1325 
occurrence, 1327-1328 
properties, 1324-1325 
purification, 1325 
structure, 131G-1318 
synthesis, 1 323-1 324 
/vnthoxanthin, conversion to anthocyan- 
idin, 1328, 1330 
Anthracene, 162-172 
nitration, 176 
st met lire, 1971-1 974 


1,4-Anthraquinone, structure, 171 
Anthrone, tautomerism, 186 
Antiareginin, 14-17 
Antimony comj)ounds, 562-563 
Antimony fluoride as fiuorinating agent, 
918 

Antimony fluorochlorides as fiuorinating 
ag<‘nts, 918 
Antioxidants, 657 

in addition n'actions, 1915 
Ajioatropine, 1198 
Apocholic acid, 1 11 7 
AfioharmiiKS 1229 
A])oharminic acid, 1229 
A])omorphine, 1225 
Aponnciiu‘, 1210-1211 
AjxKiuinifie, 1206 
A poy oh i m ! ) i ] 1 ( ‘ , 12 35 
Arabine, 1229 
ArecaidiiK', 1 1 <85 - 1 1 S() 

Ar('ca nut alkaloids, 1184-1186 
Arccoline, 1 185-1 1 Sti 
Arcnobulagin, 1 152 
Arginase, 1112 
Aiginine, 1141-11 42 
Aigiiiin(‘-pliosph()i ic acid, 1141 
Armstrong-naf^ver benzene* formula,, 126 
Aroma.tic eomjxninds, hy{h‘og(‘nation, 
73 74 

structun'and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nu(*l(‘i, catalytic reduction, 
817-819 

reduction, table of, SIS 
Aromatic substitution, 174 
electronic' theory of, 205 
Aromatization, .sec Dchydrocyclizatioii 
Aroxy radicals, 618 

Arsenic corn pounds, optical isomcaism 
426 -132 

Arsoniurn bases, eU'ctronic tli('ory, 1838 
Aryl-(alkyi(‘t]]ynyl )-('l]iarH‘s, ()U) 

Arylisot hiouroniuni salts, 845 
Aryl radicals, 615 
Arylthiyl radicjds, ()19 


As{‘()r])ic. af‘id, 16)33-1638 
struct uri‘,, 1 (>34-1 f>35 


/3-Anthramine, 168 synth(‘sis, 1635-1637 

Anthranols, 165, 186 synthetic analogs, 1637-1638 
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Asparapiino, lllG, Ills 
Aspartic^ acid, 1115-1 118 
Association polymers, definition, 7(M) 
Asyinm(‘l.ric, a, toms, 221 
bifdieiiyls, 358-370 
crystals, 220 
induction, 312 
molecules, 221 

with r(\stricted lotatioii, 343-3S3 
synth(‘sis, 308-315 
absolute, 312 
bioclumiical, 311 
chemical, 308 311 
dcfinilion, 308 
('tjzyrnatic, 311 
Asymmetry, 77iole<*ular, 221 
Atomic distances in lluondes, ‘.H)2 
Atomic mod(‘ls, Stua.rt, 321 
7\tomic radii, 1772 

Atoms, (‘Ic'ct ionic slructun;, 1014 1048 

At rola,(‘tic acid, 1191 

Atro])amine, 1108 

Atropic iicid, 1191 

A(ro])in(‘, not 

Atroscin(‘, 1197 

Autoxidat ion, aldehydes and ketones, 
050 ()57 

V. All w (‘rs-Sk it a, rule, 1373, 1 193, 1501 
Auxocln om(‘s, 1 788 1 789 
Azides, rearra,n^t'meii(S, 977 
ur(‘t banes from, IlOf) 1107 
Azlaclones, 1093, 1102, 1122 
Azol)(‘nz(Mie, ciWru/as isoiiua's, 473-471 
rea('tion witfi ()ra:anom(4a.Uic C(nn- 
pouiuls, 498, 511 512 
Azo (‘ompounds, catal^iic reduction, 
814 815 

Azonu't hiiK's, 058 -000 
addition of (Iri^nard r('ai!;ent, 504 , 050 
addition of or# 2 :a nolithium compounds, 
f)50 

'luction, GOO 

Azoinethylenc comjiounds, i<('c Azoiriel h- 
inCvS 


Baeyor strain theoiy, 08 

Baeyer test, for ethylenic^ linkage, 035 

Jlakehte, 731 

Bar{)ier-\Viela.nd dc^gradat ion, 1 357, 
1300, 1423, 1132, 1140, 1400, 
1 178, 1105 

Barium compounds, 540 -517 
Bai ium sullalo as sup])ort for palladium 
catalyst, 780 

Bart reaction, preparation of stihonic 
acids, 502 503 
Bases, definition, 1858 
strength, 1031 1035 

Beckmann r(‘arra.ng('rncnt, 470—171, 070, 
OSl, 1001, 1020 
dihydro(‘od(Mnone oxime, 1225 
salt f.>rmati(aj in, t)84 085 
lk‘ctle-iM(4a,njin(', 731 
Belladonna alkaloids, 1104-1108 
Bclladonnino, 11 OS 

Jk'iizalacct ophcnoiK^ acklition of organo- 
iia'talhc compounds, 511 
additions to, 075-081 

1.2- B(‘nzant hraceiic, structure, 108 
Benzantlirone, addition oi (Irignard 

r(‘agent, 172 

2.3- r>enz-0-anthron(‘, oiiiiilihriiun, 100 
Benzeiu', addition products, 133 

1)01 id kaigtlis, 121 
halogc'nat ion, 170 
liydrogenation, 133 
oxidation, 133 
ozonization, 133-134 
H'duction, 73 71 
I’csoiiancc in, 1070-1071 
tlicrmochcmist ry, 118-119 
Bcnzcncdiazoic acid, 102 
Ikaizeiic iorrnulavs, 120-132 
A rinst T( ) rig-Ba( ‘yea*, 1 26 
centric, 120 
c(‘ntric-electron, 1 31 
('laus, 124 
Dewar, 125 
electronic, 130 
Kekulc, 121 


H Ladcnbnrg, 122 

para bond, 124 

Bactr^rial cellulose, 1008 prism, 122 

Bactcriochlorophyll, 1313 lhi(4e, 127-128 

Volume I, pages 1-1077; Volume II, pages 1079-1983. 



XVlll 


INDEX 


Benzenesulfonic acid, 178 
Bcnze^iietetracarboxylic acid, 1402, 1442 
Benzhydroxamic acid, rcaminj^emoiit, 
977 

Benzidine rearrangement, 970, 995, 

1021 

Benzilic. acid rearrangement, 974, *)7r), 
980, 980, 1000 
Benzilmonoximes, 470-171 
Benzohydryl rule, 5137-538 
Benzoin oximes, (effect of chelation in, 
1879 

Benzoins from aldehydes, 049 
Benzo{)henon(‘-anil, addition of Grignaid 
reagent, 088 

reaction with organometallic com- 
pounds, 545 

Benzo])inacol diphenyl ether, 013 
Benzopyrone, 1332 
Benzopyrylium clilorid(^, 1317 
e-Benz(K|uinone, r(‘duction potential, 
158-159 

Benzoyl at, ed sugars, jirepjiration, 1501 
3,4-Benzpyrene, 173 
Benzylazide, rearrang('ment , 979 
Benzylcell ulose, 1 091 
Berheral, 121 1, 1215 
Berberine, 1214-1210 
Berberonic a-cid, 1214, 1235 
Beryllium com{)ounds, 545 
oj)tical isomerism, 432-433 
Bessisterol, 1398 

Betaine, occun-eiice as sugar derivative, 
1014 

Betaine hydrazide, 1115 
Betaines, 1115, 1121, 1157 
Betel alkaloids, 1184 1180 
Bicyclic comj)ounds, aliphatic, 114-115 
Bifunctional molecules, production ot 
polymers from, 705-700 
BUe ackH 1411-1427 

and sterols, common nucleus, 1349- 
1350 

Cu)-CH 3 grouT), 1421 
color reactions, 1418 
conjugated, 1420 
dehydration, 1410 
derived, 1413 
formation, 1412 


Bile acids, isolation, 1412, 1414 
molecular compounds, 1421-1422 
natural, 1413, 1422-1423 
nomeiudat ure, 1414 
nuclear hydroxyl groups in, 1414-141 0 
occurrenc^e, 1412 

physiological transformations, 1420 
taste, 1410 

transformations of nucleus, 1418-142G 
unsaturated, 1410-1418 
Bile alcohols, 1425-1420 
Bilianic acid, 1418-1419 
Binary system, MgX 2 + Mg, 503, 518, 
571 ; ,sc c also Magnesious halides 
Biogenesis, of alkaloids, 1252-1257 

of steroids, 1528 \ 

Bi])henyls, coaxiaI-nonc.o[)lanar model, 
352 

optical isomerism, 347-370 
])hysical dat,a, 350 
size of groups, 359-301 
steric effects, 3()0 
unsymmetrical su])stitut ion, 355 
x-ray dat.a, 351-352 
Bi])yridyls, of)tical isomerism, 371 
Bipyrryls, optical isomerism, 375 
Biradicals, t)02-004 
Birotation, 1510 

Bkchler-Napieralski reaction, 1213 
synthesis of oxyberberine by, 1210 
2,3-Bisdesoxyglucos(‘, 1 033 
Bisexual hormones, 1509 
Bismuth comj)Oiinds, 502-504 
Bisnorcliolanic acid, 1301 
Bisulfite, .see Alkali bisulfite 
Bivalent carbon, 973, 980 
Bixanthyl, 004 

Bixanthyl-9,9'-dicar])oxylic acid. Oil 
Blanc method, synthesis of cy(4oalka- 
nones, 80-82 

Blanc rul(^ 81-82, 1358, 1359, 1301 
Bo(;seken method of determining abso- 
lute configuratif)ii in sugars, 1570 
Boiling points, 1732-1737 
alkyl fluorides, 953-955 
calculated from atomic volumes, 1734 
correlation with structure, 1730 
equations for, 1733-1734 
relation to dipole moment, 1730 
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Boiling points, svilfhydryl compounds, 
840-841 

Bond, coordinate, 1827-1829 
covalent, 1825-1827, 1948-1951 
electrostatic, 1948-1 949 
energies, 1 852-1 854 

for covalent bonds, 1800 
ion-dipole, 1949 
ionic, 1825-1830, 1949 
inet-aJlic, 1948 
orbitals, 1952-1956 
polarizabilities, 1 856-1 858 
ret* ractivit ies, 1 857 
shared-el ectron-j^air, 1 949 ' 1 950 
Boric esters of carbohydrates, 1609 1610 
Boron compounds, 552-553 
optical isomerism, 432-433 
Brassicast(Tol, 1398 
von Braun degradations, 1174-1175 
Bredt ruh^, 1 13-114 

Brominalion, addition-elimination mech- 
anism, 179 182 
phenant lirene, 1 79 1 82 
Bromine, addition t.o ethylenic linkage, 
637 

addition to quinones, 691 
addition to iinsaturated acids, 683 
Brornomethyl furfural, from cellulose, 
1698 

1 -Bromo-2-naphtti( >1 , 1 52 
9-Bromof)henanthrenc, 1 79 
Brucine, 1236 
Brucinolic acid, 1239 
Brucinolone, 1239 
Brucinonic acid, 1239 
BiKiherer reaction, 151 
Bufocholanic acid, 1420-1421 
Bufodesoxy cholic acid, 1420 
Bufotalien, 1450-1451 
Bufotalin, 1449, 1450-1451 
Bufotenine, 1164, 1227 
Buna, rublxTs, 760, 764, 765 
BuOidiene, copolymer with methyl meth- 
acrylate, 757 

Butadiene di bromides, rearrangements, 

1001 

A“’^-Butenolides, 1434 
Butyl alcohol and acetone fermentation, 
1661-1662 


7?--Butyl cyclopentane, 118 
Butylene oxide sugars, 1557 
Butyl ru))i)er, 760 
Butyric acid fermentation, 1661 

C 

Cadmium eompounds, 548 540 
Cafesterol, 1398 

Calabar bean alkaloids, 1230- 1234 
Calciferol, acc \4tamin IB 
C-aleiurn ear}>()nate as su])port for 
])alladium eatidyst, 787 
C.*dciuni eompounds, srr Oj-ganocalciurn 
conqnmnds 

Camjhene hydrochloride', rearraiigcanent 
to isoi)oi nyl chloride, 991 
Camphor, 72 

conversion to /M'ymene, 118 
Camphor series, reari*iingements in, 991- 
993 

Cana-din(‘, 1216 
(hnaline, 1149 1150 
CanavaniiK', 1149, 1150 
(Cannizzaro n'action, 649 

me(*ha.nisin involving free radicals, 630 
Carbamino acids, 1095 
(Cirbanioiis, in re'aiTangements, 088, 
989 

optical activity, 383-388 
( 'arbet box ykrypt opyrrole, 1268 
Carbides, 492, 524, 571 
Carbobenzoxyamino acids, 1117 
C\‘irbodiimides, 665 

Carbohydrat,es, srr Sugars mul Cellulose 
cellulose, 1664-1719 
mono- and oligosaeeliarides, 1 532 ~1 604 
sugar derivatives, 1()05“1663 
4-Carboline, 1228 
Carbon, direct fluorination, 946 
('arbonatiou of Grignard reagent, 505- 
506 

Carbon atom, asymmetric, 224 
j)seudoasymmctric, 235 
tetrahedral, 222-223, 1952-1956 
Carbon dioxide, reaction with Grignard 
reagent, 505-506 

Carbon disulfide, reaction with Grignard 
reagent, 505 
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Carbonic acid, sulfur analogs, 938-939 
Carboniurri ions, in r(\arrangements, 982, 
988, 989, 997-999 
oy)tical activity, 397 -400 
Carbonium salts, anthocyanins, 1317 
fot)ln()tc 

Carbon monoxide, electronic theory of 
addition to, 1907-1908 
Carbonyl bridges, 687 
Carbonyl corny )()uiids; see under in- 
dividual 'mrtnhcrs 
Carbonyl group, 643-657 
Cnrbowaxes, 771 
o-Carboxy cinnamic acid, 133 
Carboxyl grouyi, rat-(is of esterification, 
683 

Carbjdamines, see Isocyaiiides 
Carbyl sulfate, 904 

isolntion in sulfonation, 640 
Cardiac aglucons, 1427-1417 
and toad y)oisons, 1427 1 151- 
interrelat ionshiy), 1 443-1 447 
lactone ring, 1434-1435 
princiyial members, 1431 
ring system, 1430, 1432 
squill aglucon, 1448 
stroj)haut hidin, 1435-1440 
structure and y)hysi()logical action, 
1452-1454 

Cardiac glycosides, 1427-1430, 1633 
y4iysi (logical potenc 3 % 1453 
y)rincipal members, 1428-1429 
sources, 1427, 1428-1429 
(^arnegine, 1 254 
("arnosim^, 1157-1158 
Castor-bean alkaloid, 1186-1187 
Catalase, 1260 

Catalysts, amorphous forms, yjrey^ara- 
tion, 784-789 

colloidal forms, y)rey)aration, 783 
definiti()n, 790 

for esterification of cellulose, 1679 
for hydrogenation, yjrci)aration, 783- 
789 

for polymerization, 741 
redistribution reaction, 1814 
role in hydrogenation, 790-797 
Catalytic hydrogenation, 634, 779-819 
and hych’ogenolysis, 779-834 


Catalytic reduction of various functional 
groui)s, 797-819 
Cationoid activity, 1859 
Celia, n, 1699 

Cellobiose, determination of structure, 
1598-1600 
from cellulose, 1697 
Haworth formula, 1697, 1712 
Ccllodextrins, 1696 
C(‘llul()sates, 1669-1672 
Cellulose, 1()(>4 1719 
acetals, 1()89 
a(‘cta,tes, 1679-1683 
acetolysis, 1668, 1682 
action of ammonia, 1672 
action of enzyrnc's, 1671 
action of hot alkalies, lt)73 
action of hydrobromic acid, 1698 
action of hydi ocliloric acitl, l()t)8 
action of periodic acid, 1(>93 
action of Schweitzej‘\s rcagcait, 1()7 1 
action of stnmg (>rga,nic bas(‘s, ]r)72 
aging of, ]672-l()73 
alcoholates, 1670 
alkali fusion, 1673 
alkali melal d(‘riva1ives, 1G69-1()72 
amino-, 1683 footnote 
animal, 16t)7 

arra-ngernent of micellae in, 1714 
as y)olyac('lal, 731 
bacterial, 1(U>S 
benzyl ethta*, 1691 
carboxylic* groujis in, 1668 
catalysts for estei ifical ion, 1679 
cellobiose from, l(»t)8 
chemical constitution, 1701-1709 
chemical pi‘o[)er’tles, 1667 
coke, 1699 

complex metallic salts, 1671 
coy lyKM -et hyl enediam i n e, 1 67 4 
cujrramrnonium, lt)7 1-1675 
(hjgradal.ion, by acids, 1()91-1699 
by ]>iological ])i-ocess(*s, 1700-1701 
degixM' of ])olymer-ization, 16(>9 
derivatives \rith organic Irases, 1672 
destructive distillation, 1699-1700 
esters, 1676-1687 

with 7 >toluenesulfonic acid, 1682-' 
1683 
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Colluloso, el hoi s, 1(>S7 IhOl 
cthylono oxide den vm.I iv(‘s, KHK) 
ferinoniatioTi of, 1700 -1701 
fibrillar siriiet lire, 1 710 -1 71 8 
fine sfnud lire, 1700 1710 
^lueose from, lOliS 
^lyeolie aeid (dher, 1000 

hydinle, 1071 

hydrolysis by acids, 1008, 1001 
isolation ;md {lurifical ion, 1000-11)07 
iTiercerizaf ion, with acids, i()72 
with ba.s(\s, lt>0!) 

iiK'thyl and (Ohyl ('theis, 10S7 1080 
rnefh\l(‘ne ('tlaas, 1080 
inicrost met lire, 1710 1718 
molecular weii^ht, 170/5 1700 
nitrate, 1077 1070 

oli”;osacc]ia rides iVorn, 1008, 1000 -1000 
oxidation, 1<>01- lOttl 
i-(‘ducin^ power, 0507 
r(‘i!:(nierat ion fioni solution, 1075 
solviaits I'oi , 1075 
sour<*('^, 100(5 
standard, 10(57 
structural formula., 1(5(57 
submicro.a'opic slriK'ture, 1710, 1718' 
1710 

sulfa t(‘<, 1(570 
swell iuL!;, 1(571 

syntlK^'^is of, by bact(‘ri;i, 10(58 
(hiaanal dej-p adat ion, h500-1700 
fosylalion, l(5SJ i(is.8> 
t i-i]>lH‘nylca.i binyl ethei, 1(500 
type of linka.ae m, 1701 1705 

vis('o,>ity, 1()()0 
vis(a)-.ity of s«)liit ion, 1707 
x-ray stnicturi* studi(\s, 1700-1710, 
1 7(57 


( Vrevisterol, 1300 
Chain r(*ac(ions, 1032 
(di'an 8 u, 1140 

Chapman ri‘a.rra.nj;eineut , 101(3 
Chavicic acid, 1181 
Chavicine, 1180 
( 4ielat e rin^s, 1 808 • 1 883 

aromatic coin}>ounds, 140-141 
])olydent at e, 1 877- 1 878 
sjurane ty})os, 1871 
(Chelation, 18(58 1883 

d(‘tection by absorj)t ion spectra,, 1778- 
1 783 

effect on orientation, 1877 -1870 
in chiauical r(*act,ions, 1870-1883 
in (Iri^naul reaction, 1003 
intramolecular, 1003 

Cbemical leaidivity, -sec Ri'lative n^iictiv- 
ity 

(‘lassi heat ion, 1858 1801 
Cl >rn j ): r isi >n , 1 032 1 ( )72 

by ( omjK'tit ive ri^actions, 10()1 1072 
by severity of conditions, 10(52 -10(54 
(*ff(‘ct of (‘oncent ration on coni])arison, 
10(53 

interpietat ion of data, 1072 1077 
( 'li('mii»:um, 7(50 
( Miemiluimni'scence, 501, 508 
( 4ienod(\s(>xyeholi(‘ acid, 1340, 1414 
hypo}>romit(' oxidation, 1377-1378 
j)osition of C 7 — Oil ^^roui) in, 1 115 
( 'hitin, 1014 
Chit osa, mine, 1013, 1(514 
( 4iloraliz;lu(a)se, 1700 
(3iloramine-4\ 002 
Chlorms, syntludii^, 1312-1313 
( diloroacid a nil ides, rearra,n^(aneiit, 188 
( 'hloroeodidi's, 1222 


Cellulose' loi’inula^, pri'sent concept, 1(5(57 
d\)]h'ns, 1702 

C'ellulose structure', Mc>e'r and AhuK 
e’oiH'e'pt ,1712 1713 
pre'sont (Concept, 1(5(57 
Sponsle'r a.nd l)oie' conce'pt, 1710-1711 
Ct(41uJose‘ xant liate*, 1()70, 1(583 1(587 
nu'chanism ol lorniation, 1(58 1—1 (>80 


Chloro^enins, 14(55-1 4(5(5 
Chleirohyeirins, 1111 ^ 2 ; contraction in Criji;- 
nard re'action, 513 

Chlore)ie)doiiie'tha,n('sulfonie*. aciel, resolu 
lion, 227 

( 'hloroinorphieles, 1 222 
l-Chlore)-2*-naphlhe)l, 151, 152 
(4ilorophyll, 12(50, 1203-1314 


pr(-l):ua(ii)n, IliSMtiSl alh.mori/.nfion of, 1304 1305 

proiKMi.ics, lt;.s5 Hi, SO carbocyclic rinf!; in, 1301-1303 

ripoiiiiiK, 1 0S(i (N)nfiKuraf ion of, 1 200 
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Chlorophyll, degradation by hydrogen 
io(iide, 1299-1301 

dihydroporjdiyriii nucleus in, 1306- 
' 130cS 

formyl group in, 1309-1311 
investigations of Conant, 1303-1305 
inv(‘stigatioiis of Willstattcr, 1297- 
1298 

nuclear structure, 1295-1297 
partial synthesis, 1311-1313 
phase test, 1303 
phytyl group in, 1298 
relation to hemin, 1314 
relation to organoinetallie compounds, 
578 

roh' in photosynthesis, 1314 
vinyl group in, 1305 -1306 
C4iloropliyll a, 1297-1308 
structural formulas, 1308 
(4il()roj)hyll 1309-1311 
C -hlorophvll derivatives, hydrochloric 
acid number, 1295 

Chlorofdiyll porjdiyrins, 1274, 1289, 

1290, 1295-1297 

(.'hloroprerie, emulsion polymerization, 
765 

neopren(‘ from, 7()0 
Cholanic acid, 1361, 1112 
degradat ion, 1 360- 1 361 
from bile acids, 1360 
from coi)r()staiie, 1350 
Cholat rienic, acid, foi mation, 1350, 1351 
Choleic a,cids, 1421-1422 
Cholest adienes, 1391-1 305 
('holestane, cliair types of configuration 
in, 1368 '1369 

evidence in support of structure, 1369 
formation, 1350 
physical constants, 1370 
st en'oehernist ry, 1 3()7-l 369 
Cholestanedione, 1355, 1356 
Cholest an(;di( me pyridazine, 1355-1356 
Cholest anedifmol, 1355, 1356 
Cholest anetriol, 1355, 1356 
Cholesta,nol, .sec l)i hydrocholesterol 
Choi esta none, 1389 

hydrogenation, 1373, 1374 
Cholestcnci, by reduction of cholestcryl 
chloride, 1359 


Cholestene, structural formula, 1 358 
A^-Ch()lestene-3,6-diol, 1385 
A^“Cholestene-3,4-diol, 1385 
Cholestenone, catalytic hydrogenation, 
1373 

from cholesterol, 1 357 
A^-Cholestenone, 1390, 1393, 1394 
A^-Cholestenone, 1393 
Cholesterilene, 1394 
Cholesterol, 1392 

catalytic hydrogenation, 1349-1350, 
1373 

Diels^ hydrocarbon from, 1349, 1351 
occurrence, 1392 
old structure, 1346-1348 
oxidation with hypobromite, 1359 
reaction with phosphoriLs jxmt.achlo- 
ride, 1375 

relat ionshiy) of hydroxyl grouj) and 
double bond, 1354 1358 
selenium dehydrogenation, 1349 
size of ring A and H, 1358-1360 
size of ring D, 13tK) -1361 
structure, 1311) 1317 
Walden inversion, 1375-1377 
?-( 'holesterol, 1383-1384 
Cdiolesteryl chloride, 1350, 1376, 1393 
(’holesteryl methyl ethers, 1383 
Cliolesteryl />-toluen(‘sulfonate, acetyla- 
tion, 1383 

reaction with methanol, 1383 
Cholestyl chlorides, 1376 
Cholic acid, dehydration, 1417 
dehydrog(*nation, 118, 1350-1351 
hypobromite oxidation, 1377-1378 
isolation, 1412, 1414 
12 -ketocholanic acid from, 1351 
old structure, 1346-1348 
position of C 7 OH grouj) in, 1415 
structure, 134()-1347 
C bond n >sj iin i n(‘, 1 (> 1 3 
Cdiromat ographic analysis, purification 
of arithocy^inins, 1325 
steroids, 1407 

("hrornium compounds, 564-565 
Chromone, 1332 
C4iromophores, 1 788-1789 
Chrysene from natural products, 1348 
1350, 1352, 1449, 1473 
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Ciha type resins, 732 
C'incholoipoiiic acid, 1204 
Cinchona alkaloids, 1202-1208 
Cinchonine, 1202-1203 
Cinchoninic acid, 1 203 
Cinchoninonc, 1203, 1205 
Cinchotonino, 1205 
Cinchotoxine, 1205 

Cinnamic aldeliydc, additions to, 675- 
681 

C 'innamyI(H)caine, 1 202 
Cinol)ufaji:in, 1440, 1 151 
Circular dichroism, 288 
Circularly polarized li^ht, 285-287 
('is- and /mn-s-elirnination, 102() 

Cis- and /rn/i.s-rnigration, 1026-1027 
Cis-tinns isomerism, 444-487 
definition, 4 14 
in azo compounds, 473 177 
in cari)on-carl)on douhic'-hond com- 
pounds, 44() 464 

in carbon-nil rog('n doul)le-bond corn- 
[)ounds, t()5-173 

in condensed rin^ sys{(‘ms, 481 486 
in cyclic (‘om]K)uncls, 477 486 
in Diels-Alder reaction, 1()2- 4(;4 
in diphcfKKpunoTK's, 416 417 
in (‘thyleiK' sf'ri(\s, 44() 
in fused riiipi; syst(‘ms, 328, 484-486 
in liet('rocycli(‘ c(jmp(uinds, 1S3-1S4 
in nitro^en-nitr(»)[»:(Mi double bond coin- 
])ounds, 473 -177 
in oximes, 465 473 
in polyolefins, Itil 
in t(‘rplu'nyls, 4S6 *187 
types, 411 415 

Vis-tKifi.. isoincj’s, Mzobcnzciu', 473-474 
(l(‘terrnin:ition of con{i}j;urat ion in 
cy(4!c isonuas, by absolute iiK'lh- 
od, 480-181 

by })hysica,I pro])e]ties, 470 
by relation (<» ojitical isomers, 4/8, 
480-481 

del (ami nation of confijJiuration in 
ethylene isonua’s, b}" cluauical 
Ix'bavior, 450 462 
by kiiudic studi(\s, 452-453 
by physical pro[)(a4i(\s, 440-452 
by r( 3 lation to acf4yl(‘n(‘s, 460-461 
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C2s-/run,s isf)mers, determination of con- 
tif^iiration in etliyhau' isornem, liy 
relation to eyelic (‘ompounds, 447- 
440 

by j’(4ati(>n to saturated C(>mpounds, 
161 462 

determination of eonfiKuration in 
oximes, by Beekmann rearran^t*- 
ment, 470 471 

by dipol(*-moment studies, 471 
by rc'hition to eyclic com[)ounds, 
467 470 

by restrict (‘d rotation, 471—172 
hydrogenation, SOO 801 
inlcrconv(a-sion of, in cyclic series, 482 
in elhylen(‘ seri(‘s, 153 450 
in oxim(\s, 472 
Citraeonu*, iinide, 1264 
f 'jtric a(ad baanentation, 1()62 
(btiulhms D47 
f’iv(‘ton(‘, 105 

Claiscai rearran^cmcait , 141, 40, 180, 

000 

Classifuaition of sijc:ars, RosanofT nudh- 
od, 1511 1544 

Claus formula for Ixaizenc', 124 
Cl(‘av'a}j;e, of eyclobutaiie rinj<, 101 102 
of eyclopToi)an(‘ rin^j;, 101-102 
of dik(4ones by hydro^{ai ])eroxide, ()7I 
of I,3-dik(>ton('s, 1070-1071 
of ethaiu‘s i)y alkali metals, 605, 610 
of uiisyrnnu'l.rical diarylmcreury com- 
pounds, 1071 1072 
CUanmensen reduction, till, 1357 
(\)ca alkaloids, 1 108-1202 
Cocain(‘, 1 1 08 - 1 100 
('ocamine, 1202 
(\)damiiK‘, 1210 
I ('(.deiius 1221 
j ('>«lci:).)ue, 1222, 1222. 

I Cokl (lr:i\\itis, of ixilyucetuls, 734 
of polyamides, 726 
of poIyest(3rs, 712, 717 
Colhii;;it ive propertic'S, definition, 1722 
Color, of dyes, 1081 1083 
theories of, 1788 1703 
(k)lor test, dete(dion of organometallic 
compounds by, 496-407, 518 
525, 564 
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Color test I, organometallic compounds, 
496-497 

Color test IT, organometallic compounds, 
525 

Color test 111, organometallic com- 
pounds, 564 

Columbium compounds, 561 
Comparison of chemical reactivity, 1032- 
1077 

Compensation, external and internal, in 
optical isomers, 233 
Competitive reactions, 1064-1072 

alkyl halides and silver nitrite, 1065- 
1066 

cleavage of 1,3-diketones, 1070-1071 
cleavage of unsymmetrical diaryl- 
mercury compounds, 1071-1072 
formation of cyclopropane derivatives, 
1065 

functional groups with Grignard re- 
agents, 501, 518-519, 553 
pinacolone rearrangement , 1066-1 0()9 
pyridine and alkyl bromides, 1()()4-1005 
two alcohols or amines with phenyl 
isocyanate, 1069-1070 
Condensation, I<^riedlander, 1254 

of carbonyl compounds, 648, 052-654 
of fluorides, 957 

of unsaturated compounds, cycliza- 
tion by, 75-76 

Condensation polymerization, 706-739 
Condensation polymers, d(‘finition, 702- 
703 

Condensed ring systems, cis-iraris iscan- 
erism in, 484-486 

("oiiductivities of organometallic com- 
pounds, 530-532, 565 
C'onfiguration, oclahcHiral, 222 
of sugars, notation, 1543 
optical, related compounds, 278 
planar, 222 
tetrahedral, 222 

Configurational isomerism of monosac- 
charides, 1535-1545, 1570-1572 
Configurational notation, 304-305 
steroids, 1372 
Conhydrine, 1170-1180 
T-Coniceine, 1179 
Coniine, 1178 


Conjugate addition, see 1,4- Addition 
Conjugated compounds, comparison with 
benzene, 142 

Conjugated systems, 666-699 

addition of Grignard reagent, 506-507 
addition of halogen, 1001 
crossed, 689-692 
in cycl()})ropane derivatives, 102 
long, 693-()i)9 
resonance energy of, 1917 
Cknijugation, effect on molecular refrac- 
tion, 1752 

unsaturation and, 631-700 
Constitution, and physical properties, 
1720-1805 

effect on properties, 1723-1724 
Constitutive properties, definition, 1722 
Ck)nvallatoxig(‘nin, 1447 
('^onyrine, 1178 
(k)ordinate bonds, 1827-1829 
C\)ordinnt ion (M)rnplexes, 1866-1867 
with Grignard r(‘agent, 509 
witli organogalliurn compounds, 556 
with trirnethylgold, 513 
C^)6rdinat ion c()ni])oiinds in orgaiuw 
metallic chemistry, 556-557 
C\)polymerization, example, 705 
Copolynu'rs, 757 758 
definition, 705 

methyl methacrylate and butadi(‘ne, 
757 

(V>pj:)('r chroinitf‘ catalyst, ])reparation, 
788 789 

reduction of (\st(‘rs in sugar s(‘ri(‘S, 
1591 1592 

C\>j)per compounds, 542-511 
optical isomerism, 432-433 
('oj)per-ethylenediamine cellulose, 1674 
Coprostane, sa,ddl(* tyi>es of configuration 
in, 1368 1369 

ev»den(!e in support of structure, 13()i) 
formation, 1350 
jdiysical constants, 1370 
stereochcirnist ry, 1 3()7- 1 369 
Ck)prostan()l, .see (k)prost(;rol 
Coprostanone, 1371, 1373-1374, 1390 
Coprosterol, dicarboxylic acids from, 
1370 

etiocholanolones from, 1502 
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Coprostcrol, formation, from cholesten)!, 
1350 

from coprostanone, 1373 
molecular compounds, 1392 
occurrence, 1393 
oxidation, stepwise, 1301- 13G2 
Corpus luteum hormone, 1487-1489 
Cortin, 1511 
Cotarnic acid, 1220 
Cotarnine, 1213, 1220 
Cotton effect, 288 
Coumarono ])olymer, 750 
Coupling reactions, addition-elimination 
m(*(4uinism, 1 90 
antliranols, 100 
aromatic amines, 191, 192 
decomposition of or^anoiiK'lallic com- 
pounds, 513 

Crifi^nard rea.^ents, 508"509 
hindrance, 197-198 
hydrocarbons, 1 99 
nai)hthols, 148, 151 
phenanthrols, 101 
phenol ethers, 195 
phenols, 191, 192 
tertiary amines, 195 
rilinann, 5 1 1 

Wurtz-Fittiu;, 508, 539 -512, 514 
Cova]en(‘e maxima,, rule, 1829-1830 
Covalent bond, 1825-1827, 1918-1951 
ionic chara-cti’r, lt)51 1952 
2-C^)valent hydrogen, cliel.ation, 1809 
exa,rnples, 1830 
in dya,d systems, 1730 

2- (^)va](‘ji(. iodiiK', 1810 

3- Cov:i,lent iodine, 1840 
Oackiii^, 27 

CVeatinc, 1111-1113, 1142 
(heatinine, 1112 1114, 1142 
Cross-linked })olyiners, 703 
swelling, 742 
Cn)ss-li liking, 719-720 
acrylat(‘ polymers, 752 
Cryptosterol, 1399 
Crystal it e, 752 
Crystal radii of ions, 1888 
Crystals, lusyrnmetric’, 220 
Curnalinic acid, 1450 
Cumulative double bonds, 602-605 
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Chunulones, 063 

ruprammonium cellulose, 1674-1675 
Cupreine, 1208 
Cuprotenine, 1205 

Curtins rearrangement, 977-980, 988- 
9<K), 1004, 1013, 1022, 1024 
Cuscohygrine, 1189 
( 4is]xireine, 1 208 
Cusparine, 1208 1209 
Cyanide radical, (U6 
(\vanidcs, see Nitriles 
Cyatiidin, 1318 

«-Cyanoeinna,mic est('r, addition of Grig- 
iiafxl reagent , 091 

Cyanogen bromide, react ioti with organic, 
sulfid('s, 859 

Cyanogen bromide degradation, 1171- 
1175 

C\va,nohydrin formation, rates, 1035- 
1038 

(’yanohydrin pn'paj-ation of sugars, 1538 
( V'lnohydrins, stability, 103()-1037 
C’3'chc (‘ompounds, ri.s-b’aax isomerism, 
317,477-480 

in(ermediat('s in rearrangcmients, 973, 
97t), m) 

optical isonua'ism, 315-330 
polymerization, 770-771 
(Vclic ketones from jwrol^^sis, 78-82 
('3’clic structure*, effect on molecular 
H'fraction, 1752 

Cvelization, by Bis(!hl(*r-Na,picralski re- 
action, 1213, 1210 
by Darzens reaction, 183 
1)3^ elimination of h^alrogcn halides, 
8()-88 

1)3^ Freund reaction, 74 75 
by lyvdrog(*n fluoride, 958, 959 
Diels-Alder, 70-78 

formation of iili(*yclic comi>ounds, 
74 90 

1 ,2-Cycloalkanedi()ls, react ions, 1 08-1 1 0 
C'y(4()a,Ika,nediones, synthesis, 78-79 
Cycloalkanes, properties, 103-105 
Cycloalkanols, 107-108 
CycloalkaiioiH^s, properties, 105-107 
Cyclobutane, cleavage, 103 
Cyclobutanone, s3mthesis, 105 
CycIodeh3^dration, 92-93 
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Cyclohexane, boat or C-form, 321 
chair or Z-form, 321 
saddle and chair forms, 70, 114 
Cyclohexanone-4-c,arboxylic acid, isom- 
erism of oxime, 467 
Cyclohexene, 183 
Cyclooctatctraene, 129, 213 

unsaturated al icy die nature, 112 
Cycloolefins, properties, 111-114 
(^yclopentatlecanone, 105 
Cydopentadiene, reactions, 76- 77, 111- 
112 

Cyclopentanedione-1 ,2, 140 
Cydopentanoperhydrophenanthreue de- 
rivatives, .s7y; Steroids 
Cyclopropane, cleavage, 101 102 
reaction with hydrogen fluoride, 948 
Cyclopropane derivatives, formation in 
competitive reset ions, 1065 
attempted syntheses, 100, 105 
7 ;-Cymene, formation from camphor, 118 
Cysteic acid, 1 132 
Cysteine, 1130 1136 
cyst me, 1130-1135 

D 

Daidzein, 1338, 1339 
Darzens reaction, 183 
steroids, 1526 
Dealkylation, alkanes, 20 
Deamination, scmi-iaiiacolic, 1012 
Decal in, 1 17 

and derivative's, is<jm(a-isni, 114-115 
D(‘cker reaction, 1233 
I )egra.<lat ion, Iia'-hier-Wieiand, 13»57 
von Braun, 1171 1175 
campiioric ai'ids, 1013 
catalytic, 1174 
Emde, 1173-1174 
Hofmann, 1172 1173 
of desoxycholie acid, 1363, 1364, 1522 
of hemin, 1261-1263 
of lithocholic acid, 1361 -1363 
of sugars, 1638-1662 
Wallach, 99 

Wieland (Barbier-Widand), 1357 
Degree of pcjlymerization, definition, 
741 


Dehydration, by hydrogen fluoride, 958 
in rearrangements, 985 
of sugars, methods, 1540-1541 
Dehydroandrostoronc, 1503, 1506, 1509, 
1527, 1528 

7-Dehydro(4iolesterol, 1387, 1406 1407 
J lehydrocorticosterone, 1521 
Dcihydrocydization, alkanes, 28-30 
alivcnes, 28, 30 
catalytic, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodesoxycholic acid, 1363, 1364, 
1415 

Dehydroergost erol, 141 0 
Dehydrofliiori nation, 957 
Dc'hydrogenat ion, catalytic, 25-27 

hydroaromatie* compounds hy disul- 
fide ^s, S()3 
mexiiaiiism, 27 
steroids, with bromine^ 1417 

with mercuric ae*e‘t.ate‘, 1404, 1 110 
with pnllaehuni, 1350, 1 108, 1479 
with ])lat ilium, 1402, 1489 
with sdeuiiuni, 1319, 1350-1351, 

1353, 1351, 1 103, 1408, 1410, 
1 132, 1449, 1454, 1159, 1167 
1171, 1526 
with zinf‘, 1 173 
thermal, 25 

with e)rgaiionie'lallic compounels, 537 
Dehydroluniiste'rol, 1101, 1 110 
J lehydroiieoe'rgost eaol, 1402, 1176 
7-De*hyelrosi( osteM'ul, 141 1 
Dehyeirosteanls, 13S7, 13SS, 1401 
7-Dehydr()st igniasteiol, 1 41 1 
Delphinidiri, 1318 1319 
Demjanow re'arrangeane'iit, 96 97, 107 
Density, of alkyl fluorides, 951 
of <n'ganie* e'ornjxmuels, 1711 1746 
Dephanthaiiie' aeiel, 1440, 1 141 
Deirived sugars, 1617 -1638 
Desoxybiliariic add, 1363, 1364 
degraelat ion, 1418 1419 
De'soxyediolic aeiel, 1346, 1354, 1414 
de'graelation, 1363, 1364, 1522 
mokicular compounds, 1421 
structure ejf acid CiaiEoDc, 1363-1366 
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Desoxycorticosierone, 1433, 1520, 1523- 
1524 

2-DeRoxygluo()nic acids, preparation, 
1631 

Dosoxyphyllocryt hrin, 1 300 
2-Dcs()xyst yraci ( ol, 1 (>33 
Dosoxy sugars, 1 63 1 -1 ()33 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

a-Desoxy sugars in cardiac glycosides, 
1430 

Desoxy vasicine, 1251, 1255-1256 
Destriudive distillation of cellulose, 
1609-1700 
Detergents, S86 
I)eut-(‘riuin, 1S76 

Deuterium compounds, enolizat ion stud- 
ies, 246 

optical activity, 302-304 
rac(‘mization studies, 21() 
Deuterohemin, 12S2 
I)eut(*roporj)hyrin, 12S0, 12<S2 
Dewar formula for beiizrau', 125 
Desiio form, d(‘tinition, 225 
Diacet oneg] ucose, establishment of stiaic- 
tu!’(', 1557 1559 

Diacet yldeuter(>i)orphyr'in, 1282 
I )iacetylpseudoglucal, 1630 
Diacyl disulfidi^s, 935 
I )iacyl sulfides, 935 
9,9'-i)ialkyh)ixanthyls, 608-609 
Diamines, and dibasic acids, polyamides 
from, 724-727 
Diarylacylmethyls, 610 
I liarylalkylmethvls, 606-610 
Diarylamino radicals, 616 
Diarylcarboxymethyls, 61 1 
I liarylcyanoinethy] radicals, 611 
Diaryldisulfides, 619 
Diai*ylhydi-oxymethyls, 612 
Diarylmethyls, 604-606 
Diaryl nit rogen oxides, 618 
Diarylperoxidcis, 61 8-6 1 9 
1 )iastereoisomerSj formation, 230-232 
proper! ies, 230 
H'lationship of, 229-230 
resolution by, 256-260 
Diazides, rearrangement, 978 


Diazoacetic ester, in chlorophyll studies, 
1306 

ring compounds from, 95-96 
Diazoaminobenzene, rearrangements, 
194 

Diazoamino compounds, rearrangement, 
993 

Diazo compounds, aliphatic, addition to 
unsat ui'ated esters, 682 (i83 
mes( imeric effect s, 1913 
Diazoketoncs, o])tically active, rear- 
rai\g(‘ment, 1014 

Diazomethaiu', addition to ethylenic 
linkage, 642 

addition to quinoiies, 691 
de(‘om[)osition, 983 
ring expaiision by, 99 -100 
Diazoniurn (‘ations, electronic theory of 
addit ion to, ltK17 

Diazoniurn (‘impounds, aromatic, aildi- 
tion to dienes, 670 
addition to (y,d-unsatui-ated ester’s, 
683 

c? ,-// a Aj. S’ isomers, 171 477 
in pi’ciiaialion of aromatic fiuoi’ides, 
95t) 

Diazoniurn fluorides, 950 
Diazoniurn salts, in ]>repara,tion of organ- 
ic sulfides, 85() 

in prepai'at ion of thio])henols, 814-845 
reaction with sulhnic acids, 918 
Diazotization in hydrofluoric acid, 950 
I Dibasic acids, and diamines, polyamides 
from, 724 727 

polyrma’ic anhydrides fr’orn, 735 
pyrolysis of salts, 78-82 
Dibenzal propionic acid, bromination, 690 

2.3.6.7- Dibenzant hracene, 603 
//a.-Dibenzanthracene, 170 
Dibenzylbutadiene, 143 
l,2-Dibromid(^s, rearrangement, 1002 
1,4-Di})r()mides, formation by rearrangev 

merit, 1001-1002 

6.7- Dibromotetralin, 139 
Dibrornotyrosine, 1 129 
Dieckmann reaction, 79-80, 89-91 
Dielectric constant, as factor in rear- 
rangements, 992 

of alkyl fluorides, 952 
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Diels’ acid, 1359, 1360 
Diels- Alder reaction, 165, 685-687 
cis4rans isomerism in, 462-464 
cyclization by, 76-78 
electronic theory, 1923 
formation of cndocyclic bridges ])y. 111 
Diels’ hydrocar!)on, from (cardiac aglu- 
cons, 1432 

from cholesterol, 1349, 1351 
from digitalis saponins, 1454 
from gitogenin and s{irsasai)ogenin, 
1459 

from lumisterol, 1403 
from pseudo})ufotalin, 1449 
from steroid alkaloids, 1467 
from vitamin D 2 , 1410 
structure, 1349 
sy nt heses, 1 352-1 353 
Diene reactions, 1915-1916 
Dienes, 667-670; tice aho Alkadienes 

1 . 2 - , 1911 

addition of alkali metals, 6()8 
addition to quinones, 691 
catalytic reduction, 801 -'802 
polymerization, 758-759 
by alkali metals, 762-763 
reduction, 667 

Diene synthesis, see Diels- Alder reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 19i4-1919 

Diet hylst ilbestrol, 1 484- 1 485 
Digigenin, 1447 

Digitalis sapogenins, 1454-1468 
C^ 3 — Oil group, 1460 -1461 
Ci 7 side chain, 1461-1464 
princii)al members, 1458 
ring nucleus, 1459-1460 
Digitalis saponins, 1456-1457 
Digitogenin, 1 466-1 467 
Digitoic acid, 1466-1467 
Digitonides, insoluble, 1374, 1376, 1444, 
1455, 1460, 1467, 1480, 1496, 
1506, 1515, 1516 

Digitonin, 1374, 1455, 1456-1457 
7 -Digitoxanol diacid, 1432, 1443, 1446 
Digitoxigenin, 1432, 1443 
Digitoxin, 1340, 1453 
Digoxigenin, 1444 
Digoxin, 1453 


9. 10- Dihydroanthracene, 1 64 

1 .2- Dihydrobenzenc, thermochemistry 

119 

Dihydrocholesterol, dicarboxylic acids 
from, 1370 

formation, 1349, 1373 
glucoside formation, 1375 
Dihydrodiethylstilbestrol, 1484 footnote, 
1485 

17-Dibydrooquilenins, 1478, 1479 
17-Dihydroequilin, 1479 
22- 1 lihy (1 r( )ergost.er ( >1 , 1 406 
Dihydrofolli cilia, r hormone, .see a-lCstra- 
diol and |8-Estradiol 
Dihydrogitoxigenin, 1439 
rnutarotation, 1445 \ 

Dihydroglucal, 1633 
Dihydronaphthalenes, 156-158 

9.10- 1 )ihydroj)henanthreno, 161 
Dihydropor])hyrin nucleus in chloro- 
phyll, 1306-1308 

Dihydrostroi)hanthidin, 1437 

reaction with hydrogen cyanide, 1440 
1 lihydi-ot achysterol, 1 406 
Dihy(lroxyac(‘ton(‘, conversion to glycer- 
aldehyde, 1641 

2.6- Dihydroxyanthracene, 1 irornination, 

166 

Dihydroxy cholenic acid, 1417 
7,4'-Dihydroxyisoflavone, 1 338 

2.3- Dihydroxynaphthalene, behavior on 

oxidation, 155 

2.6- Dihydroxynapht halene, 1 54 

2 . 7 - Dih y dr oxy n ap h t hale ne, 1 54 
Dihydroxy phenylalanine, 1 128 

I lihydroxysapogenins, 1 465-1 466 
4,4'-Dihydroxystilbene, 1484 
Diiodotyrosine, 1129 
7,r2-Diketocholani(^ acid, 1371 
Diketones, cycloalkanediones, 78-79 

1.2- , 671 

cleavage by hydrogen peroxide, 671 

1.3- , cleavage competitions, 1070-1071 

1.4- , unsaturated, 693-696 
/3-, enolization, 1040-1041 

Diketonucidine, 1242 
Diketopi})erazines, 1114, 1120 
Dilution effect, Ruggli, 707, 710 
Dimerization, free radicals, 597 
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Dimerizing addition, metals to olefins, 
527, 546 

organometallic eornpoiuids to olefins, 
537 

2.4- Dimet hyl“3,5-di(‘arbet hoxy])yrrole, 

1264 

2.4- Dim('t hyl-3,5-(liot hylpyrrok', 1 265 
r )imet hylglycine, 1115 

1 liniethylnaplithaleiie, 1 408 

2.4- DimethylpyrroI(\ 1261, 1265 
Diosein, 1456, 1-157 

Diose, struet-ure, 1583-1581 
Diosgonin, 1464, 1 165 
I )i phe 1 io( 1 ui no 1 les, c ? ,s-fra n s ison lerisin, 
446 447 

9,10-Dii)henylanthr;ieene, biradical, 604 
1 ,1-I)iphenylbnt{uliene, 142, 143, 157 
Diphenylchloroinetlijuies, rates of n‘ac- 
tion witli alcohols, 1055-1057 
«,«-! )if)h(‘nyl(‘1hyl(‘ne, 175, 177, 170 
a,/3-Dii )hei lylet hylene, 1 -1 3 
l)ij)h('nylh('xa,t ri('ii(‘, 143 
Di phenyl iodonium salts, 1840 
Diphenyl k(*len(*, addition to benzala.cc- 
t()])henoiie, 677 

as rearrangement intermediate, 971, 
980 

reaction with (Irignard reagent, 514- 
515, 664 

Di phenyl oct at e ( rac me, 143 
Diphenyl [Kilyenes, 1 43 
Dijihenylthiocarbanilide, 942 
Dipolar ions, amino acids, 1088 1090 
>» Dipole moments. 1752-1761 
alkyl fluorides, 952 
aromatic compounds, 139, 206 
calculation from ra,t(* data, 1030 
cis-tran,s isomers, 451 
factors for calculation, 1755 
oxime derivativ(*s, 471 
relation t.o boiling point, 1736 
relation to structure, 1 757-1760 
Dipyrryl benzenes, oi)tical isomerism, 377 
Dipyrrylmethenes, 1 267-1270 
Directive influence, of polyfluoride 
grouj), 960 

of substituent grouj)s, 202 -212, 1975- 
1979 


Disaccharides, table of common, 1593 
Dispersion, abnormal, 292 
normal, 292 
of alkyl fluorides, 952 
rotatory, 288, 292 293 
l)isj)lacements, electromeric, 1812 
inductive, 1812 
Disproport ioiiat ion, 1 921 
fr(‘e radicals, '198, 597 
organometallic compounds, 568, 572- 
576 

Dissociation, (Irignard reagents, 517-518 
of carbon-carbon bond, 97 1 
to fr(‘e ra,dicals, energy of activation, 
592-593, 617 
h(‘xa,aryl(d han(\s, 587-595 
th(‘ori(‘s, 593 595 
Disulfides, organir*, 861-863 
gtmeral cliai acteristics, 861 
preiiaration, by alkylation of sodium 
disulfid(‘, 8(>2 

from alkyl halides and sodium 
thiosulfa.t(‘, 862 

from mer(*apta-ns and thiojihenols, 
861 

react i( )ns, 862-863 

with halogims, 8()2'863 
with strong alkali, 863 
reduction, S43 
thiols 111 foliates from, 907 
Disulfones, 883-884 
Disulfoxides, 905, 912 
Disulfoxidci structure of thiolsulfonic 
esters, 912 

Dithio a.(ads, preparation, 931-932 
Dithiocarbamates, 938, 939 940 
Dithio esters, preiiaratlon, 932 
I )ivinyla(!etylene, 658 
Divinylbenzene, effect on styrene poly- 
mers, 748-750 

4,5-Di vinylcatechol, 1 55 
Divinyl ether jiolymer, 756 
Djenkolic acid, 1135 
Donaxine, 1228 

Double bonds, cumulative, 662-665 
twiniK'd, 662-665 
Dreft, 886 


Drene, 886 

Disaccharides, structure, 1592-1603 Duprene, 760 
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Dyad syst ems, 1 930-1 937 
Dyes, color of, 1981-1983 
fiuoriiie-coniaining, 963 

E 

Ecgonine, 1199, 1201, 1253 
ElTecitive nuclear charge', 1824 
Electrolysis, organomctallic compounds, 
508 

Electromeric displacements, 1842 
lOlectromeric effects, 1 8 15-1 8 17 
resonance, 1977 

Elcctrorneric polariza])ilili('s, 1847 
Electron affinity of free radicals, 009 
Electron diffraction, 1709 1774 
Eleedron disjdacements, 1840-1850 
Idectronegiitivity, Eauling scale, 1851, 
1855 

seri(\s of radicals, 1072 
1 h'ctronic characteristics of typi(*al 
bonds, 1883-1907 

Electronic conce])t, of rearrangi'inents, 
1004 1027 

of valence, 1822-1941 
1 lectronic conligurations, atoms, 1824- 
1825 

inert gases, 1825 
f>rganic moh'culc's, 1 832 1 839 
Electronic formulas, derivation, 1832- 
1834 

Electronic structures, atoms, 1944-1918 
I lectronic symbols, 1834 
Eh'ctronic theory of aromatic sul)stitu- 
tion, 205 

Electrophiles, 1859 

Elect roj)hilic substituting agents, 1029, 
1031 

Electrostatic bf)nd, 1 948-1 94t) 

Ihnde degradation, 1173-1174 
Emulsion polymc^rization, 742 
Enantiomorphs, interconversioii, 204- 
281 

properties, 227 
separation, 254-204 

Endoant hracene maleic anhydride, 165 
Endocyclic bridges, 1 1 1 
Endoethylenic bridges, 680 
Enediols, 671, 1584 


Energy, of activation, free radicals. 
592-593, 617 

of dissociation, free radicals, 592-5t)3 
Energy (*hain rnc'chanisrn of polymeriza- 
tion, 773 

Eiiolic structure, sugars, 1584-1585 
Enolization, alkaline rearrangements of 
sugars, 1041 1010 
eqiiilil)rin in, 1040-1041 
Entemaim-Johnson series, relative reac- 
tivities of func.tional groups, 501, 
504, 548 

Ihitropy of organic comj)ounds, 1795- 
1798 

Enynes, ()()7-G70 

I'hizynH's, free radical concept., 630 
Ephedra bases, 1170-1178 
Ephedrine, 1170 1178 
A’p/allocholest erol, 1394 
Pipichit osamine, 1 01 3 
Ep h ‘ h ol es t (‘r ( >1 , 1 3 1 )3 
fv'p?coj)rostan()l, 1392 
Ap/coprost erol, etiocholanolones from, 
1502 

from cholest(‘rol, 1350 
from coprosta none, 1373 
oxidalive d(*grada.tion to lithocholic' 
acid, 1114 

K />/( J i h yd ro( ‘ h ol est er ( )1 , 1373 

tormation from cholesterol, 1349-1350 
formation through Walden rearrange- 
ment, 1375 

gIucosid(i torrnation, 1375 
oxidation, 1502 
Epirnerization, 247 
st(iroids, 1373-1374 
sugar a.<^*ids, 1040 
EpniK'rs, (h'finition, 1530 
synt hesis, 153tE 1 5 40 
10])ineoergosterol, molecular rotation, 
1378-1379 
Epoxides, 031-035 

from a,(:#-unsaturated ketones, 070 
Eciuilonin, 1478 

total synthesis, 1475-1470, 1477 
Ecpiilibria, enolization, 1040-1041 

esterification and alcoholysis, 1044- 
1046 

formation of acetals, 1040-1048 
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Equilibria, formation of somioarhazones, 
1049-1052 

Grignard reagents, 497, 503, 512, 514, 
517518 

hydrogen cyanide with aldehydes ami 
ketones, 1035-1038 
metathetical reactions, 1807-1808 
organometallic compounds, -197, 503, 
512, 514, 517-518, 545, 547, 551, 
572, 573 

redistribution reaction, 1807 
three-carbon taiitoiiKaasrn, 1011-1044 
Equililwiurn consta,nts, redistribution 
rea(‘ti()n, 1815-1818 
reliabilit y, 1 0()0-l 0t>2 
Eciuilibrium mixtures, random, i809, 1815 
Ikphlin, 1478 1479 
Eqiiistanols, 1390 
Krgine, 1214 
Ergobasine, 1213 
Erg ocla vine, 1244 
Ergocrist in(‘, 1243 
Vj rg( )cnst ini ne, 1 2 1 3- 1 244 
ErgoiiKdrine, 1243 
Ergomet nnine, 1 2 13, 1 245 
ErgonoviiK', 1243, 1245 
Ergosine, 1213, 1245 
ErgosiniiK', 1243, 1245 
Ergostadienet riol, 1 102 
Ergostane, 1400 
Erg ostanet riol, 1 102 
Ergostanol, 1392 
l]rgost erol, 1 3119 1 403 
irradiation products, 1403 
isorru'rizat ion, 1 403 
occurrence, 1 399 
ozonization, 1381 
structure ])roof, 1399-1402 
Ergostetrine, 1243 
Ergot, 1243 

Ergot alkaloids, 1243-1248 
Ergotamine, 1243, 1244 
Ergot aminine, 1243, 1244 
Ergothionein(‘, 1157 
Ergot inine, 1243, 1244 
Ergotocin, 1243 
Ergoioxine, 1243 

Erlenmeyer synthesis, phenylalanine, 
li07 


Eschweiler react am, hygrine, 1189 
Escre bean alkaloiils, 1230-1234 
Eseretliole, 1231 
Eserine, 1230-1234 
Eseroline, 1231 

hist erifi<\at ion, alcoluils by hydrogen 
tluorido, 947 

equilibria, and rates, 1041 1040 
inecha.nism, 1040 
Esters, doubly unsaturated, 097 
hydrogenolysis, 824 825, 827 831 
inorganic, reaction with (Irignard 
reagent, 508-510 
of sugars, lOOti- 1012 
reaction with Grignard reagent, 500, 
502 504, 508 510 
nalistribinion, 1809 1810 
tautornerism of unsaturated, 1041- 
\{)\2 

a,/l-unsa.{ mated, (>81 085 
«- Estradiol, 1108, 1409, 1480, 1508 
/:^-Est radio!, 1480 
Isstiane, 1471 
Est nil, .sec Est rone 
Estnol, 1471-1475 

Estrogenic (‘oinpounds, synthetic, 1484 
1185 

Ivstrogenic }iormon(‘s, 1409-1487 
assay, 14t)9 
color re.actions, 1471 
content of uriiu's, 1470 
from androgens, 1508 
isolation, 1470-1471 
occurrence, 1 409-1470 
physiological relationships, 1480- 1487 
principal members, 1472 
structure proof, 1473-1478 
Estrone, 1471-1 175, 1478 

from d(4iydroneoergoster.)l, 1470-1478 
Ethers, hydrogemolysis, 822 

optically active, rearrangement, 999 
j)heuolic, rearrangement, 997, 1023 
17-Ethinyiandrost,enediol, 1 508 
17-Etlxinyllestosler()ne, 1 497 
El. bionic acid, 904 
isolation, in nitration, 040 
1 7-Ethyl androstenediol, 1 508 
ICthyl chloride, direct fluorination, 946 
Ethylene, polymerization, 742-743 
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Ethylene disulfones, cleavage by potas- 
sium cyanide, 916 

Ethylene oxides, intermediates in rear- 
rangements, 972 
rearrangement-, 1 01 7-1 01 8 
Ethylene oxide sugar ring, 1581 
Ethylene succinate polyester, 716 
Ethy](‘ne sulfide polymers, 771 
Ethyleiiic double bond, 633-643; arc alao 
Alkeiies and Oh'fins 
conjugation with nitrile, 687 
conjugation with nitro grouj), 687 
oxidation, 634-637 
reduction, 634 
relative reactivity, 683 
Ethylisopropylacct aldehyde, 1381, 1396 
Ethyl p-nitrocinnamate, 176 
Ethyl pyrroi)or j)hyrin , 1 290-1 291 
/3-Ethyl(piinuclidiiie, 1204 
Ethyl radical, 613-615 
o-Ethyltoluenc, 118 
Etioa/Zobilianic acid, 1459 
Etioa/Zncholane, 1499 
EtioaZZocholanic acid, 1432 
Et i oa//ocholanolones, 1 502 
Et-iobilianic acid, 1361 

formation from sarsasapogenin, 1459- 
1460 

selenium dehydrogenation, 1474 
Etiocholane, 1499 
Etiocholariic acid, 1361, 1433 
Etiocholanone, 1 361 
Etiocholyl methyl ketone, 1360-1361 
/3-Eucaine, 1202 
Exaltone, 105 

Exhaustive methylation, 1172-1173 
Expansion of valence shell of sulfur, 885 

F 

Fatty acids, direct fluorination, 946 
Fenton degradation of sugars, 1541 
Fermentation, alcoholic, 1654-1660 
butyl alcohol and acetone, 1661-1662 
butyric acid, 1661 
by Acetohacter auhoxydans, 1662 
by Acctobactcr xylinum^ 1662 
citric acid, 1662 
of cellulose, 1700-1701 


Fermentation, of sugars, 1654-1662 
propionic acid, 1662 
xylose, 1662 

Ferric chloride, structure, 1876 
Fiber formation from liiuiar irolyesters 
712 

Fischer chlorophyll degradation, 1299 
Fisclier-Tropsch synthesis of hydrocar- 
bons, 791 
Flavanoiie, 1336 
Ilavianic acid, 1143 
Flavora^, 1332 
Flavones, 1 331 -1 339 
as dyes, 1331 
degradation, 1 334-1335 
natural otaainence, 1331 
propc'rties, 1 332-1 334 
represent at i ve pignumt s, 1333-1 334 
st ruct lire, 1 331-1332 
synthesis, 1335-1338 
Flavonol, 1332 
I’lavyliurn cliloride, 1317 
Flavylium sal t s, 1317 
Muorides, ali{)ha(ic, 944-964 
analysis, 964 
applications, 962 
aromatic, 950 
atomic distances in, 962 
boiling pr)ints, 953 
density, 951 
dielectric constant, 952 
dipole moment, 952 
freezing jioirits, 955 
history, 945 
parachor, 952 

physiol ogi(;al properties, 95ti, 959, 962 
preparation, 945-951 
refraction and dispersion, 952 
thermodynamic jiroperties, 953 
viscosity, 951 

Fluorinating agents, 948-949 
FI uorinati on, 94 6-95 1 

by addition of liydrogen fluoride, 947 
V)y decomposition of a quaternar} 
ammonium fluoride, 950 
by esterification of an alcohol, 947 
by substitution methods, 948 
direct , 946 

in the benzene ring, 950 
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Fluoroform, 949, 960, 961 
Follicular hormone, see Estrone 
P'ollicular hormone hydrate, sec EsI riol 
Follicustcrone, 1-178 
Formaldehyde, i>oIynierizalion, 767 
I’ermaldehyde-melamiiu! polymers, 730 - 
731 

l<\)rmaldehyde-ureii iJolynieTs, 727-730 
Formyl group in ehlorojjliyll, 1309-131 1 
Free energy, factors, 1797 
of hydrogonatio!), ] ,802 
Free radicals, 581-630; see also eriinrs of 
}iperiji c rw I icnis 

addition to unsaturatod compounds, 
599 

alkyl, ()13-C)15, 1931 
am{)]ioteric na taire, (iOl 
aryl, 615 

as reac^tion intxTrnodiatos, 385, 621-030 
color, 584, 586, 587 
detection, 561 
disproport i( )nat ion, 498 
effect of unsaturation, 594, 610 
elect rolysis, 601 
electron affinity, 609 
electronic structure, 585 
electronic theory, 1928-1931 
cnerpjy of activation, 592-593, 617 
enerfj;y of dissociation, 592-593, 617 
formation, in reaction of (lrij»:nard 
reagent and organic halides, 509 
in Wurtz-Fittig reaction, 539-542 
history, 582 
identification, 490 

in Gomberg-lhichmaim reaction, 629 
in Grignard reaction, 624 
initiation of polymerization by, 774 
in oxidation and reduction, 599, 627 
in photochemical reactions, 625, 626 
in rearrangements, 973-988 
in thermal decornpositiotrs, 626 
in Wurtz-Fittig reaction, 622 623 
mechanism of peroxide catalysis, 775 
optical activity, 383-388 
optical isomerism, 587 
organornetallic types, 567-572 
oxidation, mechanism, 627-628 
Paneth technique, 613-614 
quinoid structure, 586-587 


Free radicals, reaction with metallic mir- 
rors, 544 

resonance, 586, 587, 1979- 1981 
theories of formation by dissociation, 
593-595 

kVee rotation, principle', 228 
Free* valences, in re'arrange'rnents, 976 
Fiwzing ])e)ints, of alkyl fluorides, 955- 
956 

Freon, 945, 949, 959, 961, 963 
Fre^snel’s rboinh, 287 
Frciinel re\‘ie*ti(Ui, eyclizatiein by, 74 75 
Friedcl-G rafts react iein, 179-185, 641 
fluoride's in, 9()3> 
mecha-nism, 553 554 
I>reparation of sulfinic ae*iels, 915 
preparation of sulfeine's, 875 
preparation e)f sulfeixiele's, 871 
])ro])a^at ion of thioamides, 934 
proeluctiein eif polymers by, 738 
h'rie'ellanelcr conelensatiem, 1254 
Frie's rearrange'me'nt, 998 
effe'e't. eif clie'lation in, 1879 
sulfonates, 898 
Fries rule, 156, KK), It >6 
e/-Frue‘t of ma n< )se‘, 1 602 
I'nictose*, tautonu'ric forms, 158() 
e/-FrucT.e>se, 1535, I58t), 1588 
A:e7e>-Fnie‘t.e)so pontaae*eta,te, 1579 
Fiie'ostere)!, 1398 
I’ulvenes, preparation, 112 
Funetional grou])s, eontaining sulfur, 837 
relative ri'aetivity, 501, 504, 548, 553 
Fungistere)!, 1399 
Furanohexe)sides, 1 626 
J^^uraiiose ring strue-ture, establislmient, 
1556-1563 

Furteinic acids, 1653-1654 
Fuseel ring systems, ci'^-trans isomers in, 
238, 484-486 
classification, 328 
optical LsomerLsm, 328-336 

G 

Galactose heptaacetate, 1 577 
Galactose pentaacetat.es, 1553, 1582 
Galaet.ureinie acid, 1590-1591 
Galipine, 1208-1209 
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Galipoidinc, 1208 
Galipoline, 1209 
Gallium compounds, 555, 556 
Gamahufagin, 1452 
Gasoline, sweetening of, 852 
Geneserine, 1234 

Gentiobiose, synthesis, 1602-1603 
Geometrical isomers, rearrangement, 9S4 
Geometric isomerism, 444 4S7 
Germanium compounds, 557-558 
optical isomerism, 425 
Girard’s reagent T, 1470, 1511 
Gitogenic acid, 1465, 1467 
Gitogenin, 1459, 1465 
Gitonin, 1456 
Gitoxigenin, 1444-1446 
Glaucine, 1256 1257 
Globin, 1260, 1289 
a-d-GIucopy ranose, 1 556 
Glucose, from cellulose, 1698 
Haworth formula, 1556 
tautomeric forms, 1585 
fi-Glu(!()se, structure development, 1533- 
1535 

synthesis from elements, 1537 
Glucose mercaptal, 1579 
Glucose oxime, 1540, 15s0 
o/r/<7<?yr/(w/-Glucos(‘ {leiitaacetatc', 1575 
Glucose j)henylhydrazone, 153t), 1579 
G 1 ucose-3-j:)hosphat e, 1 607 
Cllueoside formation, steroids, 1375 
Glucuronic acid, 1587, 1590 
from oxycellulose, 1693 
Glutamic acid, 1 1 1 5-1 118 
Glutamine, 1116 1118 
Glycals, 1628-1631 
isomerization, 1 630-1631 
oxidation by pcrbenzoic acid, 1628- 
1629 

Glyceraldehyde, 1583-1584 

conversion to dihydroxyacctone, 1641 
resolution, 1544 

Glycerol, esterification by phthalic an- 
hydride, 703, 719 

Glycine and derivat ives, 1 109-1 1 1 5 
Glycocyamidine, 1111, 1114 
C dycocyami ne, 1110-1111 
Glycolaldehyde, 1583-1584 
Glycolcellulose, 1690 


Glycols, optically active, rearrangement, 
1015 

rearrangement,, 968-972, 976; see al a 
Pinacol rearrangement 
Glycol-splitting reagents in sugar stud- 
ies, 1568-1569 
a-i J ly C( )saris, 161 8-1 62 1 
Glycose, definition, 1551 
Glycoseens, 1623 1628 
Glycosides, 1551, 1572-1575; .see aho 
C^ardiac glycosides 
Glycuronie acids, 1587, 1590-1592 
Glyoxal pohmer, 770 
Gnosco})ine, 1221 
Gold compounds, 542-544 
Gomberg-Bachmann binary system, 
Mg \2 -f- Mg, 503, 518; sec aUo 
Magnesious hali(i(*s 

Gomberg-Bachmann reaction, mechan- 
ism, t)29 
(Jramine, 1228 
CiranataniiK*, 1182 

Grignard reaction, abnormal, 1003, 1879- 
1882 

cyclization l)y, 93 
mechanism, 625 
r(‘arra ngement s, 5 1 1> -5 1 7 
Grignard r(‘agt*nts, 495-520; s(e also 
Me(*hamsm of reactions 
abiK irmal react i ( )ns, 1 Ot )3, 1 879 1 882 
1,4-addition to aromatic comjiounds, 
145 

addition to azometliines, 659 
addition to benzanthrone, 172 
addition to cinnamalac-etophenone, 696 
addition to conjugated systems, 506- 
507 

addition to o'-cyanocinnamic ester, 691 
addition t,o doubly unsaturated esters, 
699 

1,6-addilion to fuchsone analogs, 696- 
697 

1,4-addition t-o pentadieneone^s, 689 
addition to Q!,(t-unsaturated aldehydes 
and ketones, 672-675 
addition to unsaturated 1,4-diketones, 
695-696 

addition to unsaturated nitro com- 
pounds, 688 
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Grignard reagents, addition to c^,/:J-U!\sat- 
nrated systems, el ectronie theory, 
1920 

analysis, 490-497 

bifunetional, polymerie alcohols from, 

737 

carl )onat ion, 505 500 
(*haract(Tization hy isocyanates, 505 
cleavage hy active hydrog(*n com- 
pounds, 499 5(X) 
cl('avag(‘ hy halogens, 500 
clea^vage hy hydrogen, 49S 499 
competitive naictions with functional 
groups, 501, 518 -519, 553 
coupling hy iron halides, 5t)7 
coupling r(‘actions, 508 509 
dissoiaation, 517-518 
(electronic thi‘()ry, 1885 
equilibria, 497, 503, 512, 511, 517 518 
foiced reaction, 074 
formation of free radicals in reactions, 
509 

ionization, 51() 517 
m(M*hanisin of leactions, 1807 
oxidation, 507-508 
j)](q)ara.t ion from triarNlinet IiaIs, 599 
preparation of sultinic acids, 915 tOO 
prep/iratiou of sulfoxide's, 871 
reactions, \\ilh ca.rhon dioxide', 505- 
500 

with carbon disulfide, 505, 931 
with carbon oxysulfidc', 931 
with carbonyl conqiounds, 010-017 
with (‘hlorot hion(‘a,rbonat(*s, 9i/3 
with esters, 500, 502-504 , 508 TdO 
with inorganu* esters, 508 510 
with inorganic halides, 510 
with inorganic salts, 510 
with isocyanates, 505, 1914 
witli isolhiocyanatc's, 505, 934, 943 
wit h kei ('lies, 51 )5, 51 4 51 5, 004 , 1 91 1 
with metals, 510 
with nitrik's, 501, 001 
with iiiti-ol)(‘nz('n(‘, 504-505 
with riitro grouj), 501 505 
with nitrosobenzonc, 514* 
with iiitrosyl group, 504 
with non-terminal (*Limulat(3d un- 
saturation, 505 


Grignard reagents, reactions, with oxy- 
g('n, 507-508 
V it h selenium, 508 
with sulfonates, 895-898 
with sulfones, 881 
with sulfoiiyl halides, 899-900 
with sulfur, 507 508 
^^ith sulfur dioxide, 505 
with tellurium, 508 
witli terminal cumulated unsatura- 
tion, 505 

with thiolsulfonates, 909 
with thionylarnines, 505 
with uiisat urat ('d sulfones, 884-885 
r(‘arrang('ments, 101)3, 1(X)9-1011 
n'diiction hy, 502, 514, 644, 646-647 
ring e<jntractif)n, of alicyclic oxides, 
512 5U 

of (‘hlorohydrins, 513 
Use ill ('hlf)rophyll synthesis, 1313 
( luaiiidino-acet ic acid, 1110 
( luar(\s(*hi’s imidc', 84 
(linuiciiH', 1186 
( lUvacoliiK', 1 186 

II 

Halides, aliphatic, nMlistribution, 1810 
r(‘a.ctioii of inorganic with Grignard 
n ‘.agent, 510 

llaloacylanilulc's, n'arrangement, 994 
naloc.hrornisin, 671 

Halogen acids, addition to dienes and 
(*nyn('s, (>69-670 

addition toidhylenic linkage, G38-639 
Halogen ainid('s, rearrangenumt, 977 
llalogenation, alkaru's, 32, 34 -36 
alkeiK's, 10, 43 
alky lies, 46 

aromatic compounds, 179-185 
catalytic, 34, 40 
mi^chanism, 33-39, 41, 46 
naphthols, 151-152 
photo-, 35 36, 43, 46 
sulfonainidf's, lX)l-902 
thermal, 32 

Halogen compounds, catalytic reduction 
808-809 

hydrogen olysis, table of, 808 
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Hydrogen halides, addition to alk yiies, 47 
Hydrogen iodide, cleavage of hemin, 1203 
degradation of chlorofdiyll, 1299-1301 
Hydrogenolysis, 820-833 
acetals, 822-823 
acid anhydrid(‘s, 823 
al v,i )hols, 82( )-82 1 
amides to aminc^s, 831-833 
carhon-carhon linkages, 825-827 
definition, 780 
esters, 824-825, 827-831 
ethers, 822 

halogen cornyiounds, 808-809 
imid(\s, 824 
]acton(\s, 824-825 
organometallic compounds, 833 
oximes, 811 

Hydrogiai peroxide, action on unsat- 
urated cariionyl compounds, (>70 
Hydrogt'u suHide, addition to ethylcnic 
linkage, 041 

addition to olefins, 842 813 
catalytic alkylation, 842 
reaction with aldehydes and ketones, 
924-925 

Hydrohydrast inine, 1 212 
Hydrolysis, cellulose, 1008, 1094 
lactoTK's, rate studies, 1505-1507 
sulfenyl halides, 921-922 
sulfonamid(\s, 900-901 
thioesters, 843 
Hydroquiriidine, 1200, 1207 
Hydroquinine, 1200, 1207 
Hydroxamic acids, rearrangement, 977, 
980 

o-Hydroxyac(‘t ophenones, chelation, 140 
Hydroxy acids, polyesters from, 707-714 
3(j8)-Hydroxya//nchoL‘ini(J acid, 1385 
1 7 (ac)-llydroxyaiidrostan(i, 1 51 5 
3-Hydroxycholanic acid, see Lithocholio 
acid 

3-IIydroxycholenic acid, 1424 
9-Hydroxy codeine, 1224 
Hydroxycthylcellulose, 1090 
3-Hydroxyflavone, 1332 
Hydroxyglutamic acid, 1124-1125 
5-Hydroxyhydrindenc, 1 37 
Hydroxylaminc, addition to unsat urated 
aldehydes and ketones, 078 


Hydrox}^ amines, rearrangements, 978 
Hydroxylation, stc'Toids with osmium 
tetroxide, 1179, 1517, 1522 
Hydroxylation theory, 50, 00 
Hydroxyl group, increase in acid strength 
in fluorides, 901 
Hy<lroxyl ysine, 1141 
5-ITydroxy-G-m(4 hylhydrindene, 138 
1 7 (/^l)-lIydr()xvprog(^st eronc, 1 523-1 524, 
1525 

Hydroxy proline, 1125-1 120 
3-Hydroxypyrene, 1 73 
1 7-Hy(lroxysteroi(ls, 1 377 
7-Hydr()xysterols, 1 380 
Hygrie acid, methyl ester, 1120 
Hygrine, 1188-1189, 1250 
Hygrine alkaloids, 1188 1190 
Hygrinic aeid, 1188 1189 
Hyodesoxycholic acid, a~y 1340, 1350; 
1414, 1415 

chromic acid oxidation, 1420 
/!-, 1414, 1415 
Hyoscino, 1197 
IT yoscy amine, 1191 
Hypaphorine, llf>4, 1227 
H 3 q.)obrom()as a(*id, addition to otiiylcnic 
linkages, 040 

Hypochlorous acid, addition to ethylcnic 
linkage, 040 

addition to unsaturatod acids, 083 084 
lly})oha.lit.os, reaction with cari)()nyl 
compounds, (>54 055 
Il 3 q)ohal(>gen acids, addition to ethyUaiic 
linkage, 040 

I 

Imities, hydrogenolysis, 824 
Indeno polymer, 750 
Indican, 1101-1102 
Indium compounds, 555 
Indole, 1101 

lndo](^ (kaivatives, rearrangement, 974 
Indoxyl, 1101 

Induced displacements, 1842 
Inductive efTects, 1842-1845 
in benzene ring, 1029 
Induct omeric polarizability, 1849-1850 
Inert gases, electronic configuration, 1825 
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Infrii-red ahs()ri)tu)n spectra, 1778-1783 
detection of clielation by, 1778-1783, 
1869 

Inhibition of pol^’merizat ion, 773 
Inositol, optical isomerism, 336-337 
Interatomic distances, 1767, 1771 
Intcirconversion, of orp;anometallic com- 
pounds, 555, 563, 572-576 
of .s*//n- and «ri//-oximes, 472 
Interfacial tension, 1740 
Inlornal j)ressure, 1738 
Inulin as polyacetal, 734 
Iodine, 2-covalent, 1840 
3-co valent,, 1840 

Iodine monobrcmiide, addition to ethvl- 
enic linkage, 638 

Iodine mono(*blori{lc, addition to ethyl- 
enic linkajj^e, 638 
lodomaKTUisium ])inacolates, 613 
lon-dipole l)ond, 1949 
Ionic bond, 1825-1827, 1834 1837, 1949 
Ionic mechanism of polymerizat/K)n, 776 
Ionic reactions, 1864-I8()5 
Ionization of orp^juuunetallic^ compounds, 
516, 517, 575 

Ionization jKjtenlials of metallic atoms, 
532 

and relative reactivities of or^an- 
ometallic compounds, 532-533 
Ions, crystal radii, 1888 

in rearran^^emcnts, 968-1004 
Iron compounds, 5()6- 567 
Iron-porphyrin complexes, 1260 
Isatrojiylcocaine, 1 202 
Isethionic acid, 904 
Isott//opr('gnanolone, 1 493 
Isoamylaniline hydrobromidi', re«arranf^e- 
ment, 996 

1 soandrost erone, 1501, 1506, 1517 
Isol)ornyl chloride, from camphene hy- 
drochloride, 991 
Isobufocholanic acid, 1451 
Isobutylene, polymerization, 743 
Isocell obi ose, 1698 
Isococarnine, 1202 
Isocodcane, 1222, 1223 
Isocyanates, 665 
addition to, 665 
mesomeric effects in, 1913 


Isocyanates, reaction with Grignard re- 
agent, 505, 1914 

Isocyanides, electronic theory of addition 
to, 1907-1908 

Isodehydrochol(‘st erol, 1 386 
Tsodesoxycorti cost erone, 1524 
Isodihydn’xycholenic acid, 1417 
Isodurene, 199 

Isoelectric point of amino acids, 1087 

lso(i(iuilenin, 1476 

Isoequilin, 1479 

Isoestradiol, 1479 

Jsoflavones, 1338 1339 

Isoglucal, lt)30 

Isoglut anuius 1117 

Isoliexyl methyl ketone from dihydre 
ch()l(‘sterol, 1384 
Iso’ithobilianic* acid, 13(>1, 1362 
thermal deconqiositiori, 13()9-1370 
Isoiithocholic acid, 1414 
Isolysergic acid, 124() 1247 
Isomerism, ns-trani<j 219 

configurat iona.1, monosaccharide 
1535-1545, 1570-1572 
geometrical, 219 
optical, 219-443 
stereo-, 219 

steroid group, 1367-1379 
structural, 218 
types, 218 

Isomeriza-tion, alkadienes, 6-7 
alkanes, 2 3 
alkapolytaies, 8 
alkenes, 4 -5 
alkyl fluorides, 957 
alky nos, 8-9 
catalytic, 2-6, 8, 9 
ergosterol, 1403 
gly cals, 1 630- 1 63 1 
in vapor phase, 997 
mechanism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, chain, 218 
444 

classification, 2 1 8-2 1 9 
comparison of physi(;al projKjrties 
1723-1724 


cyclic compounds, 315-336, 477-486 
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Isomers, definition, 218 
functional group, 219 
geometrical, 444 

in sugars, designation, 1550 
nucleus, 218 

optical, freezing points, 249-250 
properties, 227-228 
rotation, 290-304 
solubility, 251-253 
position, 219 
tautomers, 219 
1 somorpliines, 1222 
Isonicotinic acid, 1228 
1 Kop(‘lletierine, 1184 
Isoi)oriplogoni(i acid, 1438 
Isopilocarpidine, 1250 
Lsopiiocarpine, 1249-1250 
Isopilopic acid, 1249 
Iso-A^-pregnenolono, 1508 
Isoprogesterone, 1494, 1508 
Isopropylacetaldchyde, 1 399 
Isopyrovit amin I>2, 1410 
/3-Isoquinine, 1206 
Isoquinoline, 153 

Isorotation, Hudson rule of, 1551- 
1552 

Isosaccharinic acids, 1646 
Isosapogenins, 1462-1463 
Isosarsasapogenin, 1464 
a-Isostrophanthic acid, 1436, 1437 
a-Isostrophanthidic acid, 1436, 1437 
reduction, 1438 
0-lsostrophanthidic acid, 1438 
Isostrophanthidin, 1 436 
Isothiocyanates, 943 

reaction with Grignard reagent, 505 
Isothiocyanic acid, 939 
Isothiouronium salts, 841 

J 

Jaborandi alkaloids, 1248-1250 
K 

Kekul6 formula for benzene, 121, 134 
Kendall’s compound H, 1516, 1518 
Ker synthetic rubber, 764 
Ketals from acetylenes, 658 
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Ketazincs, catalytic reduction, 812 
table of, 813 
Ketones, 663-665 
mesomeric effects in, 1913 
pol5nnerization, 664 
reaction with Grignard reagent, 505, 
514-515, 1914 
Ketiinines, 658-659, 661 
catalytic reduction, 812 
12-Kctocholanic acid, from chohc or 
dosoxycholic acid, 1354 
from reduction of dehy dr odesoxy cholic 
acid, 1363, 1364 
3-Ketocoj)rost ano, 1371 
^-Jvetoesters, onolization, 1041 
1 7-Ket.oestrogens, hydrogenation, 1480 
/ccfo- Fructose ])ontaacotate, 1579 
Ketoh(ixoses, 1533 
Ketones, acetylenic;, 672 footnote 

addition of organometiillic compounds, 
500 

catalytic reduction, 805-807 
cycloalkanones, 105-107 
hydrogenation, table of, 806 
optically acttivc*, from rearrangements, 
1015 

oxidation, 655-657 

rates of scmicarbazone formation, 
1049-1052 

reaction with hydrogen cyanide, 1037- 
1038 

reaction with mercaptans, 849 
reduction, 643-644, 805-807 
a,/3-unsaturated, 672- ()81 
Ketonization of phenols, 120 
Ketoses, 1586-1587, 1588-1589 
Ketosc synthesis by biological method, 
1587 

7-Ketosterols, 1386 

Ketoxirnes, Heckmann rear ran gem (;nt,, 
1026 

ayn-anii forms, 465 
Ketyls, metal, 612-613 
Kharasch theory, addition of hydrogen* 
fluoride, 948 

Kiliani cyanohydrin reaction, 1538 
Kinetic studies, ri^Arans isomers, 452 
453 

redistribution reaction, 1818-1820 
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Knecht/s compound, 167cS 
KnoevenaRcl reaction, cyclizatioii 1)3% 93 
Knorr’s pyrrole, 12G4 
Koenigs and Knorr reaction, 1575 
Kojic acid, 1624 
Kolbe s^mi.hesis, 201 
mechanism, 1882 
Koproporphyrins, 1289 
Koroseal, 754, 760 
Kryptopyrrole, 1263, 1265-1268 
Krypt-opyrrole-carl)oxyli(! acid, 1263 
K y niirenic acid, 1 1 60-1 1 62 
Kynureiiino, 1160-1161 

L 

Lactam formation, 1013 
Ijactic acid, optical isomerism, 225 
Lactoflavin, 1617 
Lact.ol, definition, 1557 
Jiactone rule of optical rotation, 1552- 
1553 

J^actones, hydrogenolysis, 824-825 
7 - and 6-, in sugar series, 1563-1568 
rates of hydrolysis, 1565 -1567 
reduction, 1 539 

Lactone studies in sugars, 1563-1568 
Lactonization of aldonic acids, 1538 
Lactose, 1593 

Ladenl)urg formula for benzene, 122 
Lagodesoxycholic acids, 1414, 1424 
Lanosterol, 1392 
Lanthanum compounds, 554 
Laiidanine, 1219 
Laudanidine, 1219 
La\idanosine, 1219, 1256-1257 
Lead compounds, aee Organolead com- 
pounds 

Lead tetraacetate, oxidation of sugars, 
1569 

LegaFs test, 1434, 1445, 1449 
I^pidine, 1203 
Lethane, 942 

Leucoanthocyanidins, 1 330 
Leva form, definition, 225 
Levoglucosan, from cellulose, 1699—1700 
preparation, 1622 

Levulinic acid, mechanism of formation, 
1638-1639 


Liebermann-Burchard reaction, 1391 
Liebermanii reaction, 1418, 1449 
Light, circularly polarized, 285-287 
monochromati(^, 282 
nature of, 281-282 
plane-polarized, 282-284 
Lilligenin, 14(>6 
liinear polyazines, 736 
1 A near polj^est ers, 7 1 0-7 1 8 
Lkjuid ammonia reactions, additit)n of 
metals to olefins, 529, 546 
diphenylgerrnanium and sodium, 569 
electrolysis of organomercury halides, 

568 

metaJation, 537 

organotin halides and sodium, 559, 

569 

Lithium compounds, see Organolithium 
compounds 

Lithobilianic acid, 1361, 1362 

thermal decomjiosition, 1369-1370 
liithocholic acid, 1316, 1414, 1416 
(h'gradat ion, 1 361-1363 
formation from cpicoprostcrol, 1414 
Lobelaiiinc, 1250 

Lobry dc Bruyn interconversion reaction, 
1586 

Loiponic acid, 1204 
Lojihophori ne, 1 21 0 

Lossen rearrangement, 977-980, 1004, 
1013, 1022 
Loturiiie, 1229 
Lucite, 752 

Luinisterol, 1298, 1403-1404 
Lysergic acid, 1245-1247 
Lysine, 1138-1141 
Lysuric acid, 1140 

M 

Macromolecules, definition, 702 
Magnesious halides, 599, 613; see also 
Binary system 

Magnesium compounds, see Grignard 
reagents 

Magnetic criterion for bond type, 1956- 


1958 

Magnetic moment, resonance, 1956 
Ma huang, 1176 
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Maleic acid from oxidation of benzene, 
133 

Maleic anhydride, adducts with steroids, 
1395, 1400, 1408 
polymer with styrene, 757 
Malonic ester, 1,4-, 1,6-, and 1,8-addi- 
tion of, 698 

addition to a,i3-unsaturated carbonyl 
compounds, 679 

Maltose, determination of structure, 
1596-1598 

Malvidin, 1318-1319 
Manganese compounds, 566 
Marinobufagin, 1449 
Markownikoff rule, 638-639, 657 
addition of hydrogen fluoride, 947, 957 
addition of sulfur compounds to olfi- 
fins, 851-852 

applied to rycloproj)ane, 102 
Masurium compounds, 566 
Mechanism of reactions, 1,4-addition, 
1881 

addition of Grignard reagent to a,/3- 
unsat/urated carbonyl compounds, 
672-673 

addition polymerization, 771-778 
alcoholic fermentation, 1654-1660 
alkylation of alkanes, 21-24 
aromatic substitution, 174-213 
bromination, addition-elimination 
mechanism, 179-182 
Cannizzaro reaction, 630 
coui>ling, addition-elimination mech- 
anism, 196 

dehydrocyclization of alkanes, 31 
dehydrogenation of alkanes, 27 
esterification, 1044-1046 
fermentation, alcoholic, 1654-1660 
formation of cellulose xanthate, 1684- 
1685 

formulation of, 1860-1863 
free-radical concept, 621-630 
Friedel-Crafts reaction, 179-185, 553- 
554 

Gomberg-Bachmann reaction, 629 
Grignard reaction, 1867 
free radicals, 625 

Grignard reagent, and acid chlorides, 
501-502 


Mechanism of reactions, Grignard re- 
agent, and alkyl sulfonates, 509 
and esters, 502-504 
and ketenes, 514-515 
halogenation of aliphatic hydrocar- 
bons, 33-39, 41, 46 

Lsomerization of aliphatic hydrocar- 
bons, 6, 7-8 

Lsomerizat ions and degradations of 
sugars, 1638-1662 
Kolbe synthesis, 1882 
levulinic acid, formation, 1638-1639 
met hoxymethylf urf ural, f ormat ion, 
1639 

muscle metabolism, 1660 
nit, ration, of aliphatic hydrocarbons, 
49, 51, 53 

of benzene, addition-elimination 
mechanism, 175 
osazones, formation, 1536 
oxidation, 56-57, 1858 
and reduction, 627-628 
of fr(?e radi(;als, 1863 
polymerization, 11-12, 16, 771-778 
of formaldehyde, 767-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1858 
bimolecular, 643-644 
of olefins by met als, 529 
Roformatsky reaction, 548 
Reimer-Tiemann reaction, 1882 
ring contraction by Grignard reagent 
512-514 

thermal decompositions, 626-627 
Walden inversion, 269-281 
Wurtz-Fittig reaction, 539-542, 623 
Meconin, 1212, 1220 
Meconinic acid, 1212 
Meerwein-Ponndorf method, 1390, 1466 
footnote 
Melamac, 731 
Melamine, 730 

Melamine-formaldehyde polymers, 730- 
731 

Melanin, 1128 
Melibiose, 1593 
Melting points, 1727-1732 
I alternations, 1728-1730 
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Melting points, calculation, 1731 
correlation with structure, 1727 
effect of halogen substituents, 1730- 
1731 

Melville, molecular sandwiches, 758 
Menthol, 70-71 
Mercaptals, 849 
of sugam, 1562, 1575 
Mercaptans, 839 -844, 816-852; see also 
Sulfhvdryl compounds 
addition to olefins, 850 851 
preparat ion, 841-844 

by addition of hydrogen sulhde to 
olefins, 842 

by alkylation of metal hydros\il6des, 
841-842 

])y catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alkvlthiouroniuin 
‘ salts, 841 

by hydrolysis of thioeslers, 843 
by reduction of disuHid(*.s, 843 
reactions, 816-852 

with ald(4iyde,s and ketones, 819 
with alkali, 846 
with carboxylic; acids, 818 840 
with heavy mental salts, 816-847 
with nitriles, 851 

with orga,nomc,t;allic compounds, 852 
with oxidizing agents, 851-852 
with «,/3-unsaturated carbonyl cc^m- 
pounds, 850 
solid derivatives, 895 
tests for, S52 
Merciiptides, 846-847 

reaction with alkylating agents, 851- 
855 

Merc.'iptols, 819 
Mercapturic; acids, 1135 
Merccrization of cellulose, 1669, 1672 
Mercurials, aromatic, from sulfinic acids, 
918 

Mercuric; acetate, methoxy-, addition to 
et hylenic linkage, 642 
Mercury compounds, see Organomcrcury 
compounds 
Merc^quinene, 1204 
Merthiolate, 847 
Mescal alkaloids, 1209-1211 


Mescaline, 1210 
Mesitylene, 132, 199 
Mesomeric effects, 1848 
aliphatic diazo compounds, 1913 
azides, 1914 
isoc;yanat(\s, 1913 
ketenes, 1913 

Mesom(;ric‘ ])olarization, 1847-1848 
Mc\soporphyrins, 12()2, 1279 
Mc'tahemipinic acid, 1217 
Metalation, 533-538 
Metaldehyde, 654 

Metal-halogen interconversion reactions, 
538-539 

Metal halyls, 541 
Medal ketyls, 612-613, 1932 
Metallic atoms, ionization f)otentials, 532 
Medal lie bond, 1948 
Metallic hydrides, 492, 521, 577 
Metals, intc^rcdiange in organomet.allic 
c*ompouncls, 546 

reaction with (Jngnard reagent, 510 
Metasaccdiarinic acids, 1616 
Metathc't ic;al rc‘actlons, c;cjuilii)ria, 1807- 
1808 

Meteloicline, 1198 

Methene synthesc's, anomalous, 1284- 
1286 ^ 

Methicjiiic acid, 904 
Mcdhioiiine, 1136-1138 
Methoxyindenes, 135 
Methoxymethylfurfural, mechanism of 
formation, 1639 

Methylaniline, rearrangement, ISS, 976 
Methylat ion of glycosides, 1554 
Methylc;holanthrene, formation, 1354. 
1355 

1 -Methyl chrysene from neoj)regncno- 
lone, 1526 

Methylconhydrinone, 1 179-1180 
N-Methylconiine, 1180 
Methylene radical, 616 
Methylephedrine, 1176 
1 -Methylestradiol, 1508 
Methylethylmaleimide, 1263, 1265 
M(3thyl fluoride, 948 
a-Methyl-c/-glucoside, 1546 
^-Methyl-c/-glucoside, 1546 
7 -Methylglucc)side, preparation, 1562 
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a-Methylglutaric acid from desoxycholic 
acid, 1366 

Methylgranatanine, 1182 
N -Methy Igranat onine, 1 1 81 
MethylisopcUetierinc, 1 1 84 
Methylisopropylacctaldchyde, 1384, 

1401 

Methylisoquinoline, 153 
Methyl methacrylate, copolymer with 
butadiene, 757 
polymers, 750-753 
Methylmorpheiiol, 1221-1222 
Methylmorphimethines, 1 223-1224 
Methylmorphol, 1 222 
1 -Methyl-2-naphthol, 152 
4-Methyl-l-riaphthol, 148 
Methyloses, 1632-1633 
Methylpseudoephedrine, 1 176 
Methyl radical, 613-615 
Methyl rubber B, 764 
Methyl sulfate, mothylation of sugars by, 
1554, 1594 

Methyl vinyl ketone polymer, 756 
Meyer and Mark, x-ray structure of 
cellulose, 1712-1713 

Meyerhof and Kiessling mechanism of 
alcoholic fermentation, 1657-1660 
Meyer reaction, 558 

Michael reaction, 87, 92, 102, 679-680, 
681-682 

1,4-addition in, 696 
1,6-addition in, 699 
sulfones, 882 

Microstructure of cellulose, 1716-1718 
^mn.s-Migration, 1026-1027 
Migration aptitude, 1067-1068 
in rearrangements, 969, 978, 1030-1031 
Migration of substituents in sugar 
derivatives, 1611-1612 
Mills-Nixon effect, 136-140 
Mirror-image relationship, 221, 224-225, 
229 

Molecular compounds, bile acids, 1421- 
1422 

sterols, 1391-1392 

Molecular-orbital method, resouan(*.e, 
1956 


Molecular refraction, 1751-1752 
effect of conjugation, 1752 
effect of cyclic structure, 1752 
effect of unsaturation, 1751 
exaltation, 1751-1752 
factors for calculating, 1751 
Molecular rotation, 285 
sterols, 1378 

Molecular sandwiches of Melville, 758 
Molecular volume, 1743 
Molecules, asymmetric., 221 
Molybdenum compounds, 564 
Moment of momentum, 1026 
Monoacetoneglu(5osc, establishment ol 
vStructure, 1557-1559 
Monoacetoi iegluc( )se-5, 6-carl x )nat e, es- 
tablishment of structure, 1559 
Monohydrox ysapogenins, 1 464 
Mcmosaccharides, classification, 1533 
configurational isomerism, 1535-1545 
definition, 1533 

Monosulfones, redactions, 877-879 
Morj)hine, 1221, 1227 
MorphothebaiiK^, 1225 
Muconic a.(ad, 133 
reduction, 144 
Mucoproteins, 1609 
Multiple bonds, 1900-1907 
resonan ce, 1 1 158-1 959 
Muscle metabolism, mechanism, 1660 
Muscone, 105 
Mustard gas, 856, 860-861 
Mustard oils, 913 
Mutarotation, 305 307 
ahlchydo-angar acetatCvS, 1576- 157V 
configurational changes, 305-307 
of sugars, interpretation, 1546-1547 
kinetics, 1547-1548 
mechan ism , 1 548-1 549 
reversibility, 967 
structural changes, 306-307 
Myc()sten)ls, 1398-1411 
Myosmine, 1193 

N 

Naphthacene, 169 
Naphthacenequinone, 171 
Naphthalene, 145-160 


Molecular rearrangements, ,s'cc Rear- 
rangements 
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Naphthalene, Friedel-Cmfts reaction, 162 
reduction, 145 
structure, 1 071 -1 073 
therm ochemical data, 157 
Naphthenes, 70 
tt-N apht hoi , 1 1 5-1 47 
/3-Naphthol, 133, 110, 148 
Naphthol carljoxylic. acids, 201 
Naphthols, coupling;, 148, 154 
etherificjition, 140 
haloKenation, 151, 152 
a-N apht hoqui none, 1 50 
d-Naphthoquinone, 158, 150 
1 ,4-Na])hth()quinone, 150 
Naphthoyllienzoic acid, 150 
i3-Na.phthy] allyl edber, 140 
Q'-Nai)h<hylarnln(', 140 
/^1-Na.])lithylarnine, 110, 148, 140 
Narcotine, 1220-1221 
N('j!:a.tive ^T’^ups, activating!; effect., 032 
Neoarsphenarnine, 01 0 
Neoer^osterol, 1 101 - 1 102 
molecular rotation, 1378-1379 
N(‘opent.a,ne, chlorination, 1008 
Neopeiitylarnine, ix'arran^canent., 007, 
1007 

Neopentyl chloride, preparation, 1008- 
1000 

Neoi)entyl ^roup, rearraiif'ement, 1007 
N(M)pin(*, 1220 
N(M)j)rene, 700 
Neo])rop:esterone, 1407, 1520 
Ni'osalvarsan, 010 
N eotif!:( )<!:enin, 1404 
Neriarit ij^enin, 1447 
Netting a) 2 ;ents, 750 
Netting elh'ct, 750 
Neutralized systems, 1010-1911 
Nickel, Haney, ju’eparation, 788 
Ni(;k(4 catalyst, jireparation, 787-788 
Nickel compounds, oyitical isomerism, 
440 

Nicol prism, 283 285 
Nicoteine, 1103 
Nicotimine, 1103 
Nicotine, 11001103 
Nicotinic acid, 1185, 1100-1101 
Nicotyrine, 1101-1192 
Ninhydrin reaction, 1000, 1102 


Nitogenin, 1464 

Nitration, .addition- elimination mecha- 
nism, 175 
alkanes, 48-51 
alkenes, 51-53, 175-178 
alky lies, 53 
anthracene, 170 
aromatic comixmnds, 175-179 
catalytic, 51, 52 
electroidiemic.al, 53 
liquid phase, 50 
mechanism, 40, 51, 53 
monosuhstitutf'd benzenes, 1020 
va]>or ]()hase, 48-10 
Nitric acid, addition to alkenes, 51 
addition to ethylenic linkage, 030-040 
N triles, (>(>0 -001 

addition of hydrogen sulfide, 033-034 
catalytic reduction, 800-810 
conjugation with ethylenic linkage, 087 
electronic theory of addition to, 1007 
hydrolysis, 060 

intermol(i(ailar addition under influ- 
ence of organometallic com- 
pounds, 061 

reactions, with Orignard reagent, 504, 
601 

with mercajitans and thiophcnols, 
851 

reduct ion, 001, 80f)-810 
table of, 810 

tautomerisra of unsaturated, 1041- 
1043 

«,/?-unsaturated, 687-088 
1 -N i troan th racen(% 1 08 
0-Nitroanthracene, 176 
Nitrobenzene, reaction with Grignard 
r(^agent, 504 

Nitrocellulose, 1077-1079 
Nitro cornjxmnds, catalytic reduction, 
815-817 

of)t icai activity, 388-392 
reduction, table of, 816 
a,/3-unsaturated, 688 
Nitrodihydroanthranol, 176 
i3-Nitrocthyl alcohol, 175 
/'1-Nitroethyl nitrate, 175 
Nitrogen compounds, optical isomerism. 
401-419 
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Nitrogen compounds, pentaalkyl,529-530 
trivalent, optical isomerism, 401-413 
Nitrogen oxides, addition to alkenes, 52 
addition to dienes, 670 
Nitrogen tctroxide, addition to ethylenic 
linkage, 642 

Nitrogen trioxidc, addition to ethylenic 
linkage, 642 

Nitro group, addition of alk oxides, 662 
conjugation with ethylenic linkage, 687 
reaction with CJrignard reagent, 504- 
505 

reduction, 661-662 
Nitrosation, 191 

Nitrosobenzene, reaction with Grignard 
reagent, 504 

Nitrosyl chloride, addition to ethylenic 
linkage, 642 

Nitros^d group, reaction with Grignard 
reagent, 504 
Norarecaidine, 1186 
Norareeoline, 1186 
Noratropine, 1198 
Norcamphor, sjuithesis, 77 
Norcaradiene car])Oxylic acid ester, 134 
Norephedrine, 1176 
Norequilenin, 1481 
Norestrane derivatives, 1481-1484 
Norestrone, 1481 
N orharman, 1 234- 1 235 
Norhydrastinine, 1213 
Norhyoscyamine, 1198 
Normal addition, h^alrogen sulfide to 
olefins, 842 

sulfur compounds to olefins, 851 
Normal sugars, 1555 
Normann compound, 1674 
Nornicotine, 1193 
Noroxyhydrastinino, 1215 
Norpinic acid, synthesis, 84-85 
N orpseudoephedriiie, 1176 
Nortropine, 1198 

Notation, configurational, 304-305 
a,i8-isomers in sugars, 1550-1551 
optical isomerism, 230 
sugar configurations, 1543 
Novocaine, 1202 
Nucidine, 1241 
Nucine, 1240-1241 


Nuclear charge, effective, 1825 
Nucleophiles, 1859 
Nullpunktsvolume, 1741-1743 
Nylons, 726 

O 

Octahcidral elements, 222 
optical isomerism, 434-438 
Octahydroest rone, 1499 
Octamethylpor})hyrin, 1272, 1273 
7i-Octane derivatives, physical constants, 
1723 

Octopine, 1148 
Odd molecules, 1928 
Oleandrin, 1446 

Olefins, see also Alkenes and Ethylenic 
double bond 

acldition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercaptans and thioplu^ 
nols, 850- 851 
addition of metals, 1932 
direct fluorination, 946, 947 
electronic theory of addition to, 1904 - 
lt)06 

polymerization, 527-529 
j)oIymers from, 740-756 
refiction, with sulfur chloride, 855- 
856 

with sulfur dioxide, 875-876 
reduction by metals, 526-529 
Oligosaccharides, definition, 1533, 1592 
from cellulose, 1696-1699 
One-electron bond, 1960-1961 
Opianic acid, 1212, 1220 
Opium, 1216 

Opium alkaloids, 1216-1227 
Oppenauer method, 1357, 1388, 1489, 
1495, 1506, 1523 
Opsopyrrole, 1263, 1268, 1269 
Opsopyrrol e-car boxylic acid, 1263 
Optical activity, 220-221; see also 
Optical isomerism and Optical 
rotation 

amino acids, 1085-1087 
carbanions, 388-397 
carbonium ions, 397-400 
due to molecular structure, 221 
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Optical activity, (hiring; rcarranp;emonts, 
399-400, 981-984, 987-990 
free radi(*ais, 383 388 
fiiiidainental concepts, 220 
of crystals, 220 

of free radic^als in r(\arran"ements, 987 
orp:anom(‘ta.lli(‘ compounds, 500 
t heories, 2S9 

()})tical isomerism, 220 -133; sre also 
Optical activity and Optical rota- 
tion 

allenes, 337-310 
amine oxides, 417-419 
arsenic comjxmnds, 426 432 
i)eryllium compounds, 432-433 
hi[)henyls, 347 370 
hil)yridyls, 374 
hipyrryls, 375 
boron comj)oiinds, 432 433 
com])lex compounds, 434-4i38 
(*o})I)er compounds, 432^33 
cyclic compounds, 315 330 
five-meinbered rinp;s, 320 
four-m('mt)er(‘d rin^s, 317-320 
six-m(’rnb(‘red rin^s, 320- 327 
tbree-iiKunhered rin^s, 316-317 
dipyrryl})enz(’nes, 377 ^ 

fused ritijz; systems, 328-330 
germanium com])ounds, 425 
inositol, 330-337 
i)ick(‘l com])ounds, 410 
nitro com])()unds, 388-392 
nitrogen cornjiounds, 401-419 
octahedral eleiiKMits, 434 438 
of elements otJier than carbon, 400 -443 
{lalladium compounds, 433, 440-441 
pheriylcarl )azoles, 370 
phenylpyrroles, 375-376 
jdienylquinones, 374 
phosphorus comj)ounds, 425-426 
])laiiar element s, 438 -443 
platinum compounds, 434, 441-^143 
polyphenyls, 370-374 
(piaternary ammonium salts, 413-417 
s(‘lenium com])ounds, 423-424 
silicon compounds, 401 
spiranes, 340-343 
siilfilirnines, 422-123 
sulfinic esters, 421 


Optical isomerism, sulfonium salts, 419 - 
421 

sulfoxides, 421-422 
sulfur compounds, 419-423 
tellurium com])ounds, 424 
terpheiiyls, 370-373 
tin compounds, 424-425 
zinc compounds, 432 -433 

Optical isomers, number of, 237 

Optically active ahudiols, rearrangement, 

loot) 

0])tically active alkyl halides, rearrange- 
nient, 988 

Optically active amides, rearrangement, 
tt83 

Optically active amino alcohols, rear- 
rangement , 987-988 

Optically active diazoketones, rear- 
rangement, 1014 

Optically aedive (4 hers, rearrangement, 
999 

Opti(*ally active glyc^ols, rearrangement, 
1015 

0]>tically active ket one's, from rear- 
rangements, 1015 

Optically act ive pinacols, rearrangement, 
1023 

Oj)ticaIly active radi(*als, in learrange- 
ments, 1022 

Optically active sulfinic este'rs, rear- 
rangenumt , 999-1 000 

Optical rotation, see also Optical activity 
and Optical isomerism 
and association, 293 
and concentration, 298 
and dissociat ion, 295 
and strued.ure, 296- 298 

in steroid group, 1378-1379 
and temperature, 290-291 
and wavelength of light, 291-293 
factors influencing, 290-304 
molecnilar, 285 
solute, nature of, 298--301 
solutions, 293-295 
solvent, nature of, 298-301 
specific, 285 

sugars, measurement by maximim 
solubility method, 1550 
rules, 1551-1553 
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Optical stability, of ions, 989 
of tricovalent groups, 1023 
Optochin, 1208 
Orbital wave function, 1945 
Organic sulfur compounds, 835-943; 

also under individval mem, hers 
Organoalkali compounds, 524-542 
, Organoaluminum compounds, 553-554 
Organoantimony compounds, 562“5()3 
Organoarsenic compounds, optical isom- 
erism, 426-432 

Organobarium compounds, 546-547 
Orgaiioboryllium compounds, 545 
Organ obisrnuth comf)ounds, 562-564 
Orga nobismut li radicals, 571-572 
Organoboron compounds, 552 -553 
Organocadmiurn compounds, 548-549 
Organocalcium compounds, 545-547 
addition to beuzalacetoplK'iione, 675 
Organo(!hromium compounds, 564-565 
Organochromium radicids, 572 
Organocolurnbium compounds, 561 
Organocopper conii)ounds, 542-544 
Organogallium compounds, 555, 556 
Organogermaniurn compounds, 557-558 
optical isomerism, 425 
Organogermaniurn radicals, 569, 572 
Organogold compounds, 542-544 
Organoindium compounds, 555 
Organoiron compounds, 566-567 
Organolant haiium compoun is, 554 
Organolead compounds, 560-561 
redistribution, 1811-1813 
Organolead radicals, 570-571 
Organolithium compounds, 524-525, 
538-539 

addition to azomet bines, 659 
addition to carbonyl group, 647 
in halogen-metal iiitercon versions, 
538-539 


Organometallic compounds, 489-580 
addition reactions, 498, 500-507, 51 1- 
512, 515, 526, 528-529, 545-546, 
550 

analysis, 49(^497, 500 
cleavage, by halogen acids, 519-520, 
560 

by halogens, 500, 519 
color test 1, 496-497 
color test IT, 525 
color test 111, 564 
conductivities, 530-532 
detection, 496-497, 525, 564 
electrolysis, 568 
hydrogen olysis, 833 
iiitercon version, 572-576 
oj)tical activity, 560 
j)reparati(»n of sulfinic acids, 915 
pyrolysis, 570-571 

quantitative (estimation, 496-497, 500 
radioact ivity, 560-561, 575 
reaction with rnercaptans and thio- 
phenols, 852 

redistribution of halid(‘s, 1812-1813 
nnlistribution of RnM typos, 1810- 
1812 

relative reactivity, 494, 510, 518-524, 
525, 530-535, 545 546, 552 
thermal stability, 521, 542-514, 551, 
562, 569, 575 

Organometallic hydrides, 558 
()rgan(jmet,allic radicals, 567-572 
Organomolybdenum compounds, 564 
Organopalladium com])ounds, 5ti7 
()rgano})latinum compounds, 567 
Organopolonium compounds, 565 
Organopotassium comjiounds, addition 
to benzalacetophenono, 675 
Organorheniurn comi)ounds, 566 
Organoscandium coinj)()unds, 554 


Organomagnesium compounds, see Grig 
nard reagents 

Organomangancse com})ounds, 566 
Organomasurium compounds, 566 
Organomercury compounds, 549-552 
competition in clc^avage, 1071-1072 
redistribution, 1810-1811 
Organomercury radicals, 568, 572 
Organometallic ammines, 553 
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Organosilver compounds, 542-544 
Organostrontium compounds, 546-547 
Organot ant, alum compounds, 561 
Organothallium comfxmnds, 555-556 
Organot hallium radicals, 568-569 
Organotin compounds, 558 -559 
optical isomerism, 424-425 
Organotin radicals, 569-570, 572 
Organotitanium (compounds, 557 
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Organ otungsien compounds, 564 
Organouraniurn compounds, 564 
Organovanadium (iompounds, 561 
Organoyttriuin compounds, 554 
Organoziiic compounds, 517-548 

reaction ^^ith a,/3-unsM.turated alde- 
hydes and ket ones, 675 
Organozirconium eom[)ounds, 557 
Orientation, and substitution in benzene 
ring, 202, 1029, 1975 
ciTect of chelation, 1878-1879 
effect of ])oIyfluoride group, 960 
Ornithine, 1143, 1116-1147 
Ornithuric^ acid, 1 146 
Orthanilic acid, 187 
Oit hoace tales, 1 61 0-1 61 1 
Osazones, mechanism of formation, 1536 
Oscine, 1 1 97 

Osrnic acid, ,scc Osmium tetroxide 
Osmium tetroxide, hydroxylation of 
steroids, 1479, 1517, 15^2 
Ostreasterol, 1395 
Ouabagenin, 1447 
Oxalic acid from cellulose, 1673 
Oxidalion, aldehydes, 655-656 
alkanes, 55 
alkenes, 59 
alky lies, 62 

amino acids, 1100-1102 
and reduction, in rejirrangements, 987, 
1005, 1012, 1022 
mechanism, 1 926-1 927 
benzene, 133 

by Acdohacicr suhoxydansy 1662 

by Acctohactcr xylinnirij 1662 

by chromic acid, 636 

by hydrogen jieroxide, 635 

V)y lead tetraacetat-e, 635 

})y oxida,nts oth(‘,r than oxygen gas, 


Oxidation, Grignard reagent, 507-508 
mechanism, 56-57 

mercaptans and thiophenols, 851-852 
resistance of fluorides to, 956, 960 
sugars, 1649-1654 
by hypobromite, 1651-1652 
in acid media, 1649-1651 
in alkaline media, 1651-1654 
sulfinic acids, 917-918 
thermal, 55, 59 

t hioaldehydes and thioketones, 927 
thiolsulfonates, 910 

Oxidation-reduction potentials, 159, 
1038-1039 

22,23-Oxidoergost erol, 1411 
Oxime-nitroiKi tant-oriKa-ism, 1936 
Oximes, catalytic reduction, 811 
chelate derivatives, 1873 
cudrans isomerism, 465-473 
f<»rnmtion, 652 
liyTlrogenolysis, 811 
reactions, ()60 
rearrangements, 979, 984 
.S 7 /W- and nnti-y interconversion, 472 
Oxo-Dicls’ acid, 1 360 
Oxoni urn salts, 1317, 1333 
stability, 1836 
Oxonium theory, 1317 
Oxyberberine, 1214, 1215 
Oxy cellulose, 1 691 -1 694 
Oxygen, reaction with Grignard reagent, 
507-508 

Oxyhydrastinine, 1215 
Ozonolysis, acetylcaies, 657 
benzene, 133-134 
double bonds, 636-637 

P 


58, 62 

by ozone, 636-637 
by permnnganatc, 635 
by silver iodobenzoate, 635 
carbonyl compounds, 655-657 
catalytic, 58, 61 , 637 
cellulose, 1691-1694 
electronic mechanism, 1858 
ethylcnic linkage, 634-637 
free radicals, iiKichanism, 627-628 
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Palladium black, jrreparation, 785-787 
Palladium catalysts, colloidal, j)repara- 
tion, 783 

supported, 786-787 
Palladium corai)ound8, 567 
optical isomerism, 433, 440-441 
Palladium zeolites, 787 
Palladous oxide, preparation, 786 
Pancth technique, applied to organome 
iallic compounds, 544, 554, 561 
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Paneth technique, free radicals, 613-614 
Papaveraldine, 1217 
Papaverine, 1217-1219 
Papaverinic acid, 1217 
Papaverine >1, 1216 
Para bond formula for benzene, 124 
Parachor, 1744-1746 
calculation, 1744 
constants for calculation, 1746 
in fluorides, 952 

relation to critical volumes, and col- 
lision areas, 1 745 

relation to nullpunktsvolume, 1742 
Paraformaldehyde, mechanism of forma- 
tion, 767-768 
Paraldehyde, 654 

Panimagnetic measurements, free rad- 
icals, 591 

Paramagnetism of organic^ radicals, 1760- 
1761 

Parasaccharinic acids, 1646 

l^artial valence, 128, 666 

Pauling electronegativity scale, 1855 

Peganine, 1250 

Pegene-9, 1250 

Pelargonidin, 1318 

JVlleticrine, 1183 

PeUote, 1209 

Pellotine, 1210 

Pentaalkyl nitrogen compounds, 529-530 
Pentaarylethanes, 605 
l^cntaarylethyls, 607 
Pentadieneones, 689-690 
Pentad systems, 1940 
Pentahydroxybufostane, 1425 
Pentamethylbenzene, 199 
Pentasulfides, 864 

Pentoses, structure determination, 1541- 
1542 

Peonidin, 1318-1319 
Pepj)er alkaloids, 1 1 80-1 1 81 
Perbunan rubbers, 765 
Perhydrodiphenic acids, 1359 footnote 
Periodic acid, action on cellulose, 1693 
oxidation of sugars, 1568-1569 
Periodic table, 520, 1826 
Periplogeiiin, 1443 

Perkin method of preparing alicyclic 
compounds, 82-86 


Perkin synthesis, 651 
Peroxidation theory, 56, 60 
Peroxide effect, 41-42, 47, 639, 642, 657 
1915, 1926 

Peroxides, triarylmethyl, rearrangement 

975 

Peroxide systems, 1924-1928 
2,5-Pcroxido-A‘^-cholestenc, 1 395 
Perrier compounds, 1 84 
l\itrol(aim refining, fluorides in, 963 
Pettenkofer reaction, 1418 
Peyotl, 1209 

Phase test, (4Joro})hyll, 1303 
Phenanthrene, 1 (iO 1 62 
brominati on, 179-182 
Fricdel-( 'rafts reactions, 161 
resonance structure, 1971-1973 
sulfonation, 161 

Phenanthrene dibroinide, 162, 180-182 
9,10-Phenanthrenec|uin()ne, 1 61- 1 62 
2-Phenanthrol, colliding, 161 
Phenol-aldehyde polymers, 731-732 
Phenol ethers, coiijding, 195 
Plumolic estei's, rearrangement, 998 
Phenols, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 191, 192 
from sulfonic acids, 892 
ketonization, 120 
reactions, 185-202 

with thiolsulfonates, 910 
a-Phenylaceylic acid, from tropic acid, 
1194 

Phenylalanine, 1127 

1- Phenyl-4-aminobutadiene, 1 45 
Phenyl azide, addition to ethylenic 

linkage, 642 

addition to quinones, 691 

2- Phenylbenzopyrone, 1 332 
2-Phenylbenzopyrylium chloride, 1317 
Phenylcarbazoles, optical isomerism, 376 
Phenylhydrazine, addition to a,^-unsat- 

urated carbonyl compounds, 678 
Phenylhydrazones, formation, 652 
Phenylhydroxylamine, rearrangement, 

976 

Phenyl isocyanate, competitive reac- 
tions of two alcohols or amines 
1069-1070 
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Phcnylnaphthophenazoiiium chloride, 
167 

Phenylpyrroles, optical isonierism, 375- 
376 

Phenylciuinones, optical isomerism, 374 
Phenylsulfamic acid, 1S7 
Phenylfhiyl radical, 619 
1-Phenylt riazol()ne-5-carboxylic acad, 1 (S5 
Pheophorhide a, 1299, 1311 
Phcoporphyriri a.„ 1299, 1311-1312 

l^hloro^luciiiol, 1 16 
Ph()S])h()crcatine, 1113 
Phosphonium bases, electronic theory, 
1838 

19iosphoric esters of carbohydrates, 
1606-1608 

Plu)Si)horiis compounds, optical isomer- 
ism, 425 12() 

Phosphorus jieiitachloride, addition to 
ciunamahicet ( )j dumone, 6tK> 
addition to dieru's, tiTO 
reaction with ald(‘hydcs and ketones, 
655 

reaction with unsatural(‘d k(*tones, (»S0 
Idiosfdiorus tricliloridi', reaction with 
unsat iirated ketones, 680 
riiotochemical ai'livation, orfi;anomet al- 
lic compounds, 514-545 
Photochemical reactions, free radicals in, 
625 

Photosynthesis, action of chlon>phyll in, 
1314 


Physost if^m ine, 1 230-1 234 
Physostifj;mol, 1231 
Phytoehemical synthesis, 1330 
Phytol, ester with propionic, acid in 
chlorophyll, 1298 
Phyt ost ei ols, 1 396-1 398 
Phytyl K^’<>up, in chlorophyll, 1298 
Picene, from cliolic acid, 1352 
a-PicoIinic acid, 1178-1179 
Pigments, plant, 1316 
plastid, 1316 
Pilocarpidine, 1250 
Pilocarpine, 1 248-1 250 
Pilopic a^‘id, 1249 

Pinacolone luvirrangcunent, ,sre Pinacol 
r(‘arra.ngem(‘nt 

Pinacol rearrangement, 968-972, 975- 
977, 985, 1005, 1012, 1015, 1023, 
1030 

cyclization by, 97-98 
Pinacols, migrational aptitudes, 1067- 
1068 

ojitically active, n'arrangoinent,, 1023 
steroid, 1388, 1401, 1410 
Piperic acid, 1 1 81 

INperidine, rates of reaction with alkyl 
bromides, 1057-1058 
reaction with diazonium c,ompoiinds, 

951 

Piperine, 1 1 80-1 181 
Piperonylic aidd, 1181 
Pivot bond, 344 


role of orga,nometallic comj)ounds, 578 Planar elements, 222 
]’h<>tofr<>i)y, ‘)()5 optical iKornorism, 438-443 

I’lilhalic atihydriile-glycerol polymer, I’laiie of symmetry, 224 
703, 719 Plant pigments, 1316 

l^hthaliinid(‘, reaction, synthesis of a- Idastid pigments, 1316 

amino acids, 1105 Platinum black, preparation, 785-786 

Phthalocyanin, 1288 Platinum catalysts, colloidal, i)repara 

Phthalocyanines, structure, 1877 tion, 783 

Idiyllochiorin, 1307 supported, 785 

Phyllocry thrill, 1301, 1311 Platinum compounds, 567 

Phylloporphyrin, '296, 1301 optical isomerism, 434, 441-443 

Phyllopyrrole, 1263, 1265, 1268, 1269 Platinum dioxide, preparation, 784 
Phyllopyrrole-(‘arboxylic acid, 1263 Plexiglas, 752 

Jdiysicai properties and constitution of Poisoning of catalyst, definition, 796 
organic compounds, 1720-1805 Polarimeter, 284—285 

Pbysiologi(*al jiroperties, orgaiiometallic Polarimetry, 281— 2^X) 

compounds, 576-577 electromeric, 1847 
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Polarimetry, induct omeric, 1849-1850 
Polarizability, 1841 
sulfone group, 880 
Polarization, 1841 
mesomeric, 1847-1848 
Polaroid films, 284 
Polonium compounds, 565 
Polyacctals, 734 
Polyamides, 702, 721-727 
from amino acids, 722-724 
from diamines and dibasic acids, 724- 
727 

Polyamines, 735-736 
Polyazines, linear, 736 
Polybasic acids, and polyhydric alcohols, 
polyesters from, 714-721 
Polydentate chelate rings, 1877-1878 
Polyenes, addition of maleic anhydride, 
686 

phenylated, 693 
Polycnoid systems, 1914-1919 
Polyesters, 702, 707-721 
from glycerol and phthalic anhydride, 
703 

from hydroxy acids, 707-714 
from polybasic acids and polyhydric 
alcohols, 714-721 
linear, 710-718 
Polyether resins, 736 
Polj^ethylene glycols, 771 
Polyfluorides, 959-961 
Polyglucosans from cellulose, 1698 
Polyhomologous series, 739 
Polyhydric alcohols, and polyl^asic acids, 
polyesters from, 714-721 
Poly isobutylene, 743, 760 
Polymer, definition, 702 
Polymeric alcohols, 737 
Polymeric alkyl silicon oxides, 738 
Polymeric anhydrides, 735 
Polymeric hydrocarbons, 736-737 
Polymerization, acetaldehyde, 653-654 
acetylene, 658 

acrylic acid derivatives, 750-753 

aldehydes, 767-770 

alkadienes, 14 

alkenes, 12 

alky nos, 18 

catalysts for, 741 


Polymerization, catalytic, 12-15, 17, 18 
cyclic compounds, 770-771 
definition, 10, 702 
degree of, definition, 741 
dienes, 758-759 
cthykiiie, 742-743 
ethylenic hydrocarbons, 641 
formaldehyde, 767 
ionic mechanism, 776 
isobutylene', 743 
ketenes, 6()4 

mechanism, 1M2, 16, 771-777 
olefins and their derivatives, 740-756 
olefins by nu'tals and organomet allic 
compounds, 527-529 
organogennanium compounds, 572 
photo-, 18-19 
steps in, 772 
styrene, 743-750 
thermal, 12, 15, 18 
vinyl est ers, 753-756 
Polymers, cross-linked, 703 
head-to-head, tail-to-tail type, 745, 
753 

head-to-tail type, 753, 756 
heat -convertible, 714 
heat-non-convertible, 7 1 4 
sulfur analog of polyoxymethylcne, 
925 

synthetic, 701-778 
three-dimensional, 703, 714, 718-721 
Polyolefins, ciH-trans isotnerism, 464 
Polyoxyrnethylenes, 702, 767-770 
Polypheny Is, optical isomerism, 370-374 
Polysaccharides, definition, 1533 
Polystyrene, 741, 743-750 
molecular size, 741 
Polysulfides, organic, 864-866 
general characteristics, 864 
preparation, 864-866 
from organic sulfides, disulfides, 
and i)olysulfides, 865 
from sodium poly sulfides, 865 "866 
from sulfhydryl compounds, 864- 
865 

reactions, 866 
Polysulfones, 765-767 
Polythene, 743 
Polyvinyl acetals, 755 
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Polyvinyl acetute, 754-755 
Polyvinyl akiohol, 755 
Polyvinyl chloride, 702, 754 
Polyvinyl halides, 753 
Polyvinylidene chloride, 754 
Polyyiies, reananp:eineiit, 1011 
Poinej^ranate alkaloids, llSl 1184 
Porjdiin rinp^, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270 1278 
fine structure, 1280 1289 
Porphyi'ins, chcanistry of, 1259-1292 
from chlorophyll, 1295- 1297 
NUN i)ridj>;es, 1288 
N-isomers, 1287 
nornenclalure, 1272 footnote 
syiith(‘s(‘s, 1207, 1272 
P( )rj)hyrin uria., 1 289 

Positive haloKen comi)ouiids, oxidation 
of m(‘rcaf)tides by, 851 855 
Potentials, ionization, nu^tallic atoms, 
532 

oxidation-reduction, 159, 1038-1039 
7 >-(piinones, 1039 

Predissociation in ri‘arranf!:ement meidi- 
anisms, 974, 1004 

Preferential rea(*tions, or^anomet allic 
compounds, 579 
lVe^»;nane, 1489 
lh’i‘^nane derivatives, 1 190 
Pregnanediols, 1491-1492, 1497 
Pre^inanediones, 1 191 1492 
Pre^nanetriols, 1493, 1491 
Pre^nene derivatives, 1 195 
Ih’ef^nenolone, 1491 
A' -Pre^nenoh me, 1528 
A"’-Pre^nenolon(‘ acetate, 1520, 1527 
Prism, Presnel, 287 
Nicol, 283 285 

Progesterone, 1108, 1487-1489, 1514, 
1520 

assay, 1487 
isolation, 1488 

physiological relationships, 1496-1498 
preparat ion, 1 500-1 507 
structure, 1 488 - 1 489 
Progressive pairing of quadrants, 1274 
Proline, 1118-1121, 1140 
Propionic acid fermentation, 1662 
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Propylene oxide, rearrangement, 975 
Propylene oxide sugar ring, 1582 
Proteins, definition, 1080 
hydrolysis, 1079-1080 
Protoehlorojihyll, 1314 
Protoglucal, 1630 

Proton shift in rearrangements, 1006 
Protoj)orphyrin, 1260, 1283-128^4 
Prot osinornenine, 1257 
Protrojiic shift, in rearrangements, 1021 
J^seudoasymm(4 ry, 235 
Pseudohufotalin, 1 419 
Ps(ui(iococa.ine, J 201 
Pseudocod ei no, 1222, 1223 
l\seudoc(>deiiione, 1222, 1223 
I'seiulocoiihydi-ine, 1180 
I'seudoconiceine, 1 1 80 
Pscudocumene, 132 
Pscudoeph(‘drine, 1176 1178 
Pseuch lergot inine, 1 2 44 
Pseud ohyosey amine, 1198 
Pseudo ionic rea(*tions, 1865-1867 
^^seudo(■)])ia.nlc acid, 1215 
rscudopellctierims 1181-1182, 1253 
Pseud osapogen in, 1 462-1463 
Pseudostrophanthidin, 1 439 
Psoudotropino, 1197, 1200 
IVieain, 1201 
Punicine, 1183 

Purdie methylation of sugars, 1554 
Pyranohexosid(‘S, 1626 
Pyranose ring structure, establisliment 
1553-1556 
l^yrazoles, 135 
rearrangement, 974 
Pyrazolincs, pyrolysis, 94-96 
Pyrene, 172 

Pyridine and alkyl bromides, conqietitive 
reactions, 1064-1065 
Pyrocjilciferol, 1404, 1410 
Pyroisolithobilianic acid, Clemmensen 
reduction, 1369 

Pyrolithobilianic acid, Clemmensen re- 
duction, 1369 

Pyrolysis, determination of stability by 
1063 

hemin, 1280 

organometallic compounds, 570-571 
pyrazolines, cyclization by, 94-96 
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Pyrolysis, salts of dibasic acids, 78-82 
sulfonium hydroxides, 869 
sulfonium salts, 868-869 
thioaldehydes and tliioketonos, 928 
7-ryrone, 1331-1332 
J^5Troeti()i)orphy rin, 1 296 
Pyrroles, alkylation, 1265 
rearrangement, 976 

Pyrrolidoiiecarboxylic acid, 1116, 1117 
P>T^oporphyrin, 1274, 12tK), 1291, 1296 

Q 

Quaternary ammonium bases, electronic 
theory, 1838 

Quaternary ammonium fluoridt's, 950 
Quaternary ammonium salts, o{)tieal 
isomerism, 413-417 
(^uebrachine, 1234 
Quercetin, synthesis, 1336-1338 
Quinaldine, 153 
Quinic acid, 1203 
(Juinidine, 1207 
(Quinine, 1202, 1205 
Quininic acid, 1206 
Quininone, 1205 

(^uinoid structures, anthoc3"anidins, 1317 
footnote 

electronic theory, 1 922-1924 
(Juinones, 689 

addition reactions, 69l“()92 
oxidation-reduction j)otentials, 159, 
1039 

Quinovic acid, 1203 
C^uinuclidine, 1203 
Quitcnine, 1205 

R 

Racemic a(?ids, resolution, 259 
Racemic bases, resolution, 260 
Racemic compounds, 248 
in liquid state, 253 
Racemic mixture, 248 
Racemic modifications, 240-263 
definition, 225 

determination of nature, 249-253 
formation, 240-248 
mechanical mixture, 248 
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Racemic modifications, methods for dis- 
tinguishing, 249-253 
freezing-point method, 249-250 
solubility method, 251-253 
molecular compound, 248 
properties, 248-254 
resolution, 254-264 
solid solutions, 249 
Racemic solid solution, 249 
Ra(*em izat i ( )n , 24 1 -24 8 
amino acids, 1093 1095 
}y })hysical means, 241 
enolization and, 244-246 
Origmird reagcuits, 516 
in rearrangements, 967, 982, 984, 1022 
kinetics of, 243 
mechanism, 241 242 
tautonau’ization and, 243 
thermal, 242 

Radical reactions, lSt>3-I864 
Radicals, .sec Fn'C radicals 

scales by ck'avage of organomctallic 
compounds, 519-520, 560 
Radioactive chloride ions, effect on r(‘- 
arrangements, 994 
Painan effect, 1774-1791 
Raman shifts, for charact (‘fistic linkages, 
1777 

value in structure' di'terrnination, 
1775 1776 

Random distribution, 1808-1809, 1815- 
1818 

Random equililjrium mixtures, composi- 
tion, 1815-1818 
Raney nickc'l, preparation, 788 
Raoult’s law and solubility, 1738 
Rate constants, reliabilitv^ 1060-1062 
Rate data, calculation of dipole momc'iit 
fr(jm, 1030 

Ratos of reaction, alkyl bromides and 
j)iperidinc, 1057 -1058 
alk^d chIorid(',s and metallic iodides, 
1053-1055 

competitive reactions, comparison of 
reactivity, 1064-1072 
diphenylchloromcithanes and acyl 
clilorkles with alccjhols, 1055-1057 
esterificatJon, 683 

and alcoholysis, 1044-1046 
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Rates of reaction, formation of acetals, 
1046-1048 

formation of semicarbazones, 1049- 
1052 

formation of thiourotlianes, 1058-1060 
general considerations, 1033 
rearrangements, 1 027-1031 
three-carb(jn tautomerism, 1041-1011 
Reactivity, relative, .see Relative reactiv- 
ity 

Rearrangememts, a, 7-, 1003 
activated complex in, 1028 
actives niolecul(\s in, 975, 980 
acyl azides, 977 
N-acylpyrroles, 976 
alcohols^ 1012, 1023 
aldehyd(\s, 971 
N-alkylanilines, 995 
N-alkylanilinium salts, 995 
/r?'/.-aJkylcarbinols, 1 023 
alkyl phenyl etluTs, 997, 1023 
N-alkylj)yrroles, 976 
all (‘lies, 663 

allylic, 187, 1004, 1006, 1018, 1881- 
1883 

azides, 977 

Beckmann, 470-471, 979, 984, 1(X)4, 
1026, 1225 

benzhydroxamic acid, 977 
benzidine, 976, 995, 1021 
bcmzilic acid, 971, 976, 980, 986, KXX) 
benzylazide, 979 
butadiene dibrornides, 1001 
camphor series, 992 
(4ia])man, 1016 
Cdaisen, 141, 149, 189, 999 
Ckirtius, 977-980, 988-990, 1004, 1013, 
1022, 1024 

cyclic compounds, 971 

as intermediate's, 973, 976, 990 
cyclobutane intermediate's, 972 
cyclopropane intermediate's, 972, 973 
degradat ion of (’amphoric acids, 1013 
dehydration of alcohols, 1012 
Demjanow, 96-97, 107 
(liazides, 978 

diazoamino compounds, 993 
1 ,2-dibromi(l(^s, 1002 


Iv 

Rearrangements, electronic concept, 
1004-1027 

ethyleme oxide's, 1017-1018 
fre'C radicals in, 973 -988 
Erie’s, 898, 998 
gly(a)ls, 9()8 972, 976 
Clrigiiard relictions, 516-517, 1003, 
1009-1011 

N-hal ( )a.cy la.n i 1 ide's, 994 
halogen amide’s, 977 
Hofmann, 977-980, 989, 1004, lOOS, 
1013, 1014, 1022 
hy d rai n i n e f i ss i on , 1 2( )5 
h V (1 ra z ol )e n /( ‘ n e , 976 
liydrobenzoan, 970, 976 
hydroxamic acids, t)77, 980 
hydroxyla.min('s, 978 
indole derivatives, 974 
intermok’cular (uuboniutn-ion me'cha- 
nism, 999 

intramolee’-ular oxidation-rcHhu’t ion, 
1(X)5 

ionic hyy)olh(’sis, 989-1001 
isoarnylaniliiK’ hydrobromide^ 996 
Losseii, 977-980, 1004, 1013, 1022 
mechanism for all\lic, 1881-1883 
methylaniline, 976 

migration aptitude in, 968, 978, 1030- 
1031 

molecular, 966-1031 
neo])(aityl com])ouiids, 1(K)7 
olefin int(’rmediat('s, 972 
o])ti(’al activity during, 399-100 
o])tically actives alcohols, KXX) 
optically act ive alkyl halides, 988 
optically active iirnide’s, 983, 
optically active amin(_> alcohols, 987- 
988 

0] )ti(^ally active diazoketones, 1014 
opt ically a(4ive ('thers, 999 

01) tically active glycols, 1015 
optically active ketones formed in, 

1015 

optically active pinacols, 1023 
optically a(4ive radicals, 1022 
optie'ally active sulfinic esters, 999 
optical stability of ions, 989 


liphenylketene intermediate, 974, 980 


oxidation-reduction in, 987, 1005 

1012, 1022 
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Rearrangements, oximes, 979, 984 
peroxides, 975 
phenolic esters, 998 
phenolic ethers, 189, 1882 
plK^nylhydroxylarnine, 970 
pinacol/9GS-972, 975-977, 985, 1005, 
1012, 1015, 1023, 1030 
competitive renet ions, 1066-1009 
cyclization ])y, 97-98 
polyynes, 1011 
propylene oxide, 973 
j)yrazo]es, 971 
reaction rate's, 1027-1031 
a, 7 -riile, 187 
seanidine, 1021 -1022 
semi-hydrobenzoin, 971 
serni-pinneols, 971 

stereochemical consieh'mtioiLs in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in alkaline media, 1640-1616 
sulfinJc est(‘rs, 999 
terpe'iies, 991 

triarylmethjd j)eroxides, 975 
t riphenylmet hylhy droxylamiiie, 978 
urea derivatives, 981 
vinyl methyl ether, 974 
Wagner, 9^ 990, 1000, 1019 
Wolff, 1011, 1015, 1021 
Redistribution reaction, 1806-1820 
aliphatic halides, 1810 
cat alyst s f or, 1814 
equilibrium cemstants, 1815-1818 
esters, ISOtMSlO 
kinetics, 1818-1820 
rnendianism, 1818-1820 
organometallic halides, 1812-1813 
organometallic (RaM) compounds, 
1810-1812 
Reductic acid, 1637 
Reduction, aldehydes, 803-805 
alkenes, 797-802 
alkynes, 802-803 

aromatic compounds, 73-74, 817-819 
azobenzcne by organometallic com- 
pounds, 512 

bimolecular, 643-644, 676-677 
by Grignard reagents, 502, 514, 644, 
640-647 


Reduction, by metal combinations, 643 
644, 677, 697 
carbonyl group, 643-645 
catalytic, 634, 697, 797-819 
chloral by Grignard reagent, 514 
Clemmensen, 644 
dienes, 667, 801-802 

I, 2-diketones, 671 
disulfides, 843 
electronic mechanism, 1858 
halogen (*ompounds, 808-809 
ketones, 805 807 

mechanism involving free radicals, 628 

na])htbalene, 145 

nitriles, 809 810 

nitro comfHHiTids, 815-817 

nitro group, 661 

olefins by metals, 52()-529 

oximi's, 811 

j)henylated dienes, 693 
selective, of carbonyl group, 676 
sugar lactones, 1539 
sulfonyl chlorides, 813, 844 
thiolsulfonates, 909 
triphen> Imethyl, 599 
unsaturated diki^tones, ()93-694 
Wolff-Kishner, 644, 1363 
Reduction iiotcaitials of quinones, 159 
Reduct one, 1637 
Reform at.sk y reaction, 647-648 
mechanism, 548 
steroids, 1433, 1476 
Rc^fraction of alkyl fluorides, 952 
Refractive index, 1750-1752 
Refrigeration agents, 959, 962 
Regularo})ufagin, 1452 
Reichsteiifs (!r)mpound, D, 1516, 1517 
E, 1520, 1525 

J, 1519 

K, 1516, 1517, 1524 

L, 1519 

M, 1520 

O, 1519 

P, 1516, 1517 

R, 1516, 1518 

S, 1521, 1522 

T, 1521 

Reimer-Tiemann reaction, 190, 199 
I mechanism, 1882 
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Reinecke salt, 1118, 1125 
Relative acidities, 533-538 
Relative reactivity, carboxyl group, 683 
chlorides with potassium iodide, 1054 
ethylenic linkage, 683 
funct ional groups, 501 , 504, 548, 553 
in sulfonyl interchange. Oil 
interpretation of data, 1072-1077 
organometallic compounds, 404, 510, 
518, 524, 525, 530-535, 545-546, 
552 

substituted ethanes, 600 
Resacet ophenone derivatives, 141 
Residual chai‘g(‘s, 1850-1852 
Resins, ald(‘hyd(‘, 650 
alkyd, 714 
Ci[)a type, 732 

Resolution, amino acids, 1100 
bioclK'rnical ])roc(\sses, 203 264 
conversion to diaste'reoisimiei’s, 256- 
260 

equilibrium method, 261-263 
kinetic method, 260-261 
mechanical separation, 254 
prefenaitial crystallization, 254-256 
Resonance, aromatic compounds, 207 
cliemieal Ijond, 1043-1083 
definition, 1784 
electronic theory, 1831-1832 
id(‘a, ol, 1050 1051 
keto-enol systeans, 1035 
mesomeric })olarization, 1817 -1848 
molecular structure', 1043-1083 
organic anions, 1837 
oxim<‘-nit rone* tautomerisrn, 1036—1037 
Resonance eflects, in benzene ring, 
1020 

Resonance f'lK'rgy, calculation, 1067- 
1070 

conjugated systems, 1017 
definition, 1050 
empirical values, 1068-1069 
organic compounds, 1801 
Restricted rotation, 471 
about c.arbon-carbon bond, 379-381 
about carbon-nit rog(‘n bond, 377 -379 
about (carbon-oxygen bond, 381-382 
due to inany-rnemlxcred ring, 373 
effect of groups, 362 


Ivii 

Restricted rotation, non-benzenoid ring 
compounds, 374-377 
Rhenium compounds, 566 
Rhodanine, amino acids from, 1108 
R.hodoi)orphyriii, 1274, 1291, 1296 
syntlu'sis, 1275-1278 
Ricin, 1187 
Ricinidine, 1187 
RiciniiKc, 1186 
Ricininic acid, 1186-1187 
Ring-chain taulonierism, 1937 
Ring closure, see Cyclization 
Ring contriKction, alicyclic oxidevs in 
(Irignard reaction, 512-514 
chlorohydrins in (irignard reaction, 
513 

methods, 96-l(K) 

Ring ex{)ansion, methods, 96-100 
Rings, straink'ss, 69 70 
Ring structure's of sugars, 1515-1586 
determination by glycol-s])litling r(v 
ag(uits, 1568 1569 
furanose, 1556 1563 
other thtvn furanose and ])yranose 
types, 1581-1584 
pyranose, 1553 1556 
Rosanoff classification of sugars, 1541- 
1544 

Rosenheim test, 1391 
Rosenmund reduction of acid chloride's, 
808-809 

Rotation, free, 228 
inok'cular, 285 
restricted, 471 

Rotatory dispersion, 288, 293 
Rubber, syntlietic, 759-765 
vulcanization by organometallic com- 
pounds, 578 

Ruff degradation of sugars, 1540-1541 
Ruggli high-dilution principle, 707, 710 

S 

Saccharic acid, preparation, 1537 
Sac(cliarin, 904 

Haccharinic acid, formation, 1646-1649 
Saccharinic acids, 1646 
Sachsc-Mohr theory of strainless rings 
69-70, 114 
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Salicylic acid, Kolbe synthesis, 201 
Salkowski reaction, 1300 
Salsolinc, 1254 

Salts, inorganic, reaction with Grigiiard 
reagent , 510 
Salvarsan, 019 

Sapogenins, svr Digitalis sapogenins 
Saponins, see Digitalis saponiris 
Saran sjnithetic. rubber, 754 
Sarcosine, 1111 
Sarmentogenin, 1446-1447 
Sarsasapogenin, 1450, 1464 
Sarsasai)ogenoic acid, 1462 
Sarsasai)ogenone, 1462 
Sarsasaponin, 1456, 1457 
Scandium com])ounds, 554 
Schiff bases, 652, ()5<S-()()0, 1006, 1007 
Schorigin reaction, 533 
Schweitzer’s reagent, action on celluloses, 
1674 

Scillarcn A and B, 1448 
Scillaridin A, 1448 
Scopine, 1107 
Sco])olamine, 1107, 1108 
Scope dine, 1107 
Scymnol, 1425 

Sel(ic4ivity of hydrogenatiem catalysts, 
704 

Sclenixun, reaction ANith (Jrignard re- 
agent., 508 

Selenium coTnj)ounds, optical isomerism, 
423-424 

Selenium dehydrogenation, see Dehydro- 
genation with s(4enium 
Selenium dioxide, action on sterols, 1385 
a-Selinene, dehydrogenation, 118 
Semicar bazoiuis, catalytic reduction, 812, 
814 

table of, 814 

equilibria and rates in formation, 
1040-1052 
formation, 652 
hydrolysis, 1 051-1 052 
Semidine rearrangement, 1021-1022 
Semi-hydrobenzoin rearrangc^ment, 971 
Serai-pinacolic deamination, 1012 


Serine, 1120-1123 
Serine-phosphoric acid, 1122 
Sesq ui-m us tard, 860 

Sex hormones, 1468-1510; see also vnder 
iruliridual classes 
biogenesis, 1528-1530 
Shared-electron-pair bond, 1040-1050 
Silica gel as support for j)aJJadiurri 
cat.alyst., 787 

Silicon compounds, optical isomerism, 401 
Silicon-containing polymers, 738-730 
Silver compounds, 542-544 
Silver iodobtaizoate, oxidation of ethyl- 
enic linkage, 635 
Sinomenine, 1226, 1257 
Sitosterols, 1305, 1306- 1307 
SK A synthetic rubber, 764 
Skat ole, 1161 

SK B s.ynthetic rubber, 764 
Skraup reaction, 140 
Smilageniii, 1404 

Sodium })isuirite, .see Alkali bisulfite 
Sodium borofluoride, use in synthesis of 
aryl fluorides, 051 

Sodium ])eroxide, action on unsaturated 
carbonyl compounds, 676 
Solanidines, 1467-1468 
Solan ines, 1467 
Solasodine, 14()7 
Solasonine, 1 167 
Solatubine, 1467 
Solatunine, 1467 

Solubility, and internal pressure, 1738 
organic^ compounds, 1737-1738 
sulfhydryl (uimpounds, 840 
Sorbitol, 1538, 1544, 1587 
1-Sorbose, jireparat.ion, 1634-1636 
S|)ecific rotation, 285 
Specific viscosity, 1748 
Sj)ectros(a)py, deterrninat ion of chelation 
by, 1869 

Spinasterols, 1307-1398 
Spiranes, in chela.t(‘ rings, 1871 
optical isomerism, 340-343 
Sponsler and Dore, x-ray structure of 
cellulose, 1710-1711 
Squill aglucon, 1448 

Stabilities, determination of relative, 


Semi-pinacols, rearrangement, 971 
Semiquinone radicals, 619 


Sensibamine, 1244 1063 
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Stabilities, thermal, of orpianometallic 
compounds, 521, 542-544, 551, 
562, 569, 575 
Stjichydriiie, 1120, 11 89 
Standard cellulose, 16()7 
Starch as poly acel al, 734 
Staudinger’s viscosity ecpiation, 747, 
1707 

Stenols, 1387-1388 

Stereochemistry, cholcsiaiw typo, 13(i7- 
1369 

coprostane type, 1367-1369 
oximes, 1025- 1027 
steroids, 1367-1379 
St,erex)isomerism, 2 1 8-487 
Steric hindrance, effect on reactions of 
organometallic^ compounds, 506, 
528 

in coupling reactions, 197-198 
Sterocholic acid, 1424 
Steroid alkaloids, 14()7-1408 
Steroids, 1341-1531 
biogenesis, 1528 
configurational notation, 1372 
definit ion, 1 344 
epimerizat ion, 1 373-1 374 
glucoside formation, 1375 
history, 134t)-1348 

relation to ar-tetrahydr(H^-naphlhols, 
1378, 1379 
ring systxan, 1344 

spatial isonH'risiri, of hydroxyl groups, 
1372-1378 

of nuclear rings, 1369-1372 
st ereochemistry, 1 367-1 37 9 
structure, and o])tical rotation, 1378- 
1379 

of nucleus, 1349-1367 
p-toluenesulf oiiat es, 1375 
types, 1345 
z-Steroids, 1384 
Sterol ket ones, 1388-1390 
brominat ion, 1 389-1 390 
Sterol peroxides, 1388 
Sterol pinacols, 1388, 1401, 1410 
Sterols, 1379-1411; Ncc also under in-- 
dindual incmhrrs 

and bile acids, common nucleus, 1349— 
1350 


Sterols, color reactions, 1390-1391 
definition, 1379 

from lower forms of animal life, 1395- 
1396 

isolation, 1379, 1382 

molecular com[)ounds, 1391-1392 

natural a.nd derived, 1380 1381 

iiomencJaf lire, 13S2 

nuclear unsaturation, 1385-1388 

occurrence, 1379 

react i( ms, 1 379 -1 392 

of the ( Oil grou]), 1383-1384 
of the ('i 7 side chain, 1381-1385 
ring system, 1382 
side ciiains, 1366 

St.iboniuni bases, electronic theory, 
1838 

Stigrna-st(‘rol, 1396, 1397 
ozoniza-tion, 1384 
Stillieslrol, I l8l 
Strainless rings, 69- 70, 114 
large na.tura.Ily occurring, 105 
Sachse-Mohr th(H)ry of, 69 70, 114 
synlhesis of hu’ge, 79-80, 89 
Strain tluairy, Bat‘yer, 68 
Strecker reaction, jireparation of sulfonic 
acids, 890 

Strecker synthesis, amino acads, 1105- 
1106 

Strength of acids and bases, 1034-1035 
Strontium compounds, 546-547 
StrophM,ntlii(lin, J 435 1440 
-Oil group, 1439-1440 
( W>1I KT-oLip, 1440 
Cio— (410 grouj), 1438-1439 
OH group, 1436-1438 
isolation, 1435 
lactone ring, 1436 
structure, 1436-1440, 1441 
Structure of simple molecules, resonancc 
1962-1967 

Strychnic acid, 1237 
St.rychnidiiic, 1237 
Strychnine, 1236-1243 
Strychninolic acid, 1239 
Strychninolone, 1239 
Strychninonic add, 1239 
StrychnoR alkaloids, 1236-1243 
Stuart atomic models, 321 
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Styracitol, configuration, 1627 
structure determination, 1624-1625 
Styrene, polymerization, 743-750 
thermal polymerization, 744 
Styrene-maleic anhydride polymer, 757 
Substituent groups, directive influence, 
202-212 

Substituted sugars, 1606-1617 
Substitution, and orientation, in the 
benzene ring, 202, 1029, 1975 
indirect, 187 

Substitution reactions, alkadienes, 44 
alkenes, 36-37 
alkenyncs, 45 
alkynes, 46 

anionic reagents, 273-274 
mechanism of, 272 
Walden inversion in, 272 
Sucrose, structure determination, 1600- 
1602 

Sugars, see under individual fnemhers 

7 -, 1557 

acetals, 1578-1579 
acetates, 1551 

acetone derivatives, 1557-1559 
acetylation methods, 1551 
acyclic structures, 1575-1581 
alcohols, 1538 

aldehydo acetates, 1575-1581 
aldonic acids, 1537-1538 
amino, 1613-1617 
anhydro, 1617—1623 
ascorbic acid, 1633-1638 
benzoylated, 1561 

configurational isomerism, 1535-1545, 
1570-1572 


Sugars, glycals, 1628-1631 
glycoseens, 1623-1628 
glycosides, 1551, 1572-1575 
glycuronic acids, 1587, 1590-1592 
isomerizations, 1638-1662 
ketoses, 1586-1587, 1588-1589 
lactone studies, 1563-1568 
laetonization of aldonic acids, 1538 
measurement of optical rotation by 
maximum solubility method, 1550 
mercaptals, 1562, 1575 
inethylation, 1554, 1594 
methyloses, 1632-1633 
mono- and oligosaccharides, 1532-1604 
mutarotation, 1546-1549 
notation of configurations, 1543, 1550- 
1551 

oligosaccharides from cellulose, 1696- 
1699 

oxidation, 1649-1654 

by lead tetraacetate, 1569 
by periodic acid, 1568-1569 
pen t < )ses, 1511-1542 
rearrangement, s, 1 638 -1 646 
reduction of lactones, 1539 
ring st ructures, 1545-1586 
Itosanoff classifi(*ation, 1541-1544 
rules of optical rotation in, 1551-1553 
saccharinic acid formation, 1646-1649 
tautomeric forms, 1583-1586 
thio, 1612 
trioses, 1583-1584 
Sulfa drugs, 904 
Sulfanilamide, 904 
Sulfanilic! acad, 1 87 
Sulfapyridine, 904 


cyanohydrin preparation, 1538 Sulfapyrimidinc, 904 

degradation mclhods, 1540-1541 Sulfathiazolo, 904 

degra<lations, 1638-1662 Sulfenamidcs, preparation, 922 

derivatives, 1605-1663 Sulfenic acid derivatives, 920-923 

dcsoxy, 1631-1633 general eharacterislics, 920 

diose structure, 1583-1584 Sulfenic anhydrides, 921 

disaccharide structure, 1592-1603 Sulfenyl halides, from disulfides, 920 

enediols, 1584-1585 from mercaptans, 920-921 

enolic structure, 1584-1585 hydrolysis, 921-922 

epimerization of sugar acids, 1640 reactions, with active methylene com- 

epimers, 1536, 1539-1540 pounds, 923 

esters 1606-1612 with alcohols and j)henols, 922 

fermentation, 1654-1662 with ammonia and amines, 922 
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Sulfhydryl compounds, 839-852; see also 
Mercaptans ami Thiophenols 
boilinj^ points, 840-841 
occurrence, 839 
odor, 839 
solubility, 840 
toxicity, 839 

Sulfides, orjz:anic, 853-861 

cleavage by cyanogen bromide, 859 
formation from diazonium salts, 856 
formation from olefins, 855-856 
general characteristics, 853 
pre])a,ra.t.ion, 854 857 
by alkylation, 854-855 
from aldehyd(‘s and ketones, 857 
reactions, 858- 860 
wit li halogens, 858 
with inorganii^ salts, 858-859 
Sulfilimines, ofitical isomerism, 422-423 
S 111 finam ides, iiri'paration, 917 
Sulfinic acids, 913 919 

addition to unsat ura ted ketones, 680 
formation of acid derivatives, 916-917 
general charact,(irist ics, 913-914 
metal replacement, 918-919 
nomenclature', 913 footnote 
oxidation, 917-918 
preparation, 914-916 

by hri(‘d('l-Ch‘afts reaction, 915 
from diazonium salts, 915 
from ethyk'iie disulfones, 916 
from organometallic compounds, 
915-916 

reactions, 917-919 
with aldehydes, 918 
with diazonium salts, 918 
with a,i3-unsa,turated carbonyl com- 
pounds, 918 

ihiolsulfonates from, 906 
Sulfinic esters, optical isomerism, 421 
optically active, rearrangement, 999- 
1000 

preparat ion, 916-917 

from sulfonyl chlorides, 914-915 
Sulfinyl anhydrides, preparation, 917 
Sulfinyl chlorides, pniparation, 917 


Sulfonamides, hydrolysis, 900-901 
reactions, 900-904 
with aldediydes, 903 
reduction, tM)3 

Sulfonates, alkylation by, 896 
Fries n'arrangement., 898 
reactions, 895 898 

with Clrignard reagent, 897-898 
Sulfonation, alkenes, 177-178 
aromatic com})ounds, 175-178 
])henanthrene, 161 

])reparation of sulfonic acids, 887-888 
Sulforie group, activating effect, 881, 
885 

electron attraction by, 879-881 
in di- and polysulfones, 883 “SSl 
influ(*n(!e uj)Oii halogen, 882-883 
influenec^ ii])on hydiogcai, 879 
Sulfones, 873 885; sec also Mf)nosulfones 
and Disulfones 
condensation redact ions, 882 
general chara-ct e'ristics, 873 
Michael reaction, 882 
preptiration, 874-877 

by alkylation of salt^s of sulfinic 
acids, 874 ”875 

by I’riedel-C 'rafts roa,ctjoii, 875 
by oxidation of sulfides and sulf- 
oxides, 874 

by reaction of olefins with sulfur 
dioxide, 875 -876 
reactions, with alkali, 877-878 
with Orignard reagent, 881 
with reducing agents, 877 
unsiiturated, 881-8S5 
a,i:il”Unsaturatod, 672 footnote 
f^ulfonhydrazid(‘s, hydrolysis, 903 
Sulfonic acids, 886-904 

conversion to sulfonyl halides, 891 
esters of, see Sullonates 
general characteristics, 886 
nomenclature, 886 footnote 
preparation, 887-891 

by addition of bisulfite to olefins 
8<)0”891 

by oxidation, 888-890 
by Strecker react ion, 890 
by sulfonation, 887-888 
reactions, 892-895 


Sulfinyl grou]!, 870 footnote 
Sulfonamides, alkylation, 902 
balogenation, 901-902 
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Pulfonic acids, replacement of sulfonate 
group, ])y amino group, 894 
by cyniiide, 893 
by halogen, 893-894 
by hydrogcai, 892 
by hydroxyl, 892-893 
]>y nitro grouj), 895 
Sulfoniurn compounds, 867-870 
from disulfides, 867 
from sulfid(^s, 867 
g('neral charact(‘ristics, 867 
prepara, t ion, 8()7-86S 
Sulfonium hydroxid('s, pyrolysis, 869 
rea,c<ions as bases, 869 870 
Sulfonium salts, formation of addition 
compounds, 869 
optical isomerism, 419-421 
pyrolysis, 868~S(i9 
«-Sulfonyl acids, 885 
Siilfonyl chlorides, reduction, 813, 814 
Sulfonyl fluorid(‘s, synthesis, 918 
Sulfonyl halides, hydrolysis, 898 
preparal ion, 891 
reactions, 898 900 
with a-mines, 898 899 
with enoJates of active methylene 
comj)ounds, 899 

with organometallic comjKmnds, 
899 900 

thiolsulfoiiates from, 907 
Sulfon 3 *l interchang(‘, 911 
a-SuIfonyl ketones, 885 
Sulfoxide group, activ^ating effect, 885 
Sulfoxides, 870-873 

riti-trans isomerism, 483 -481 
general cliaract eristics, 870 
optical isomerism, 421-422 
preparation, t)y IViedel-C 'rafts reac- 
tion, 871 

by hydrolysis of dihalides of sulfides, 
871 

})y oxidation of siilfidi's, 870-871 
from (Irignard reagent, 871 
reactions, 872- 873 
with acids, 872 
with aqueous chlorine, 873 
with reducing agents, 872-873 
Sulfur, expansi(m of valence shell, 
885 


Sulfur, reaction with Grignard reagenf 
507-508 

Sulfur analogs of carbonic, acid, 938-939 
Sulfur cliloride, addition to ethylenic 
linkage, 641 

as chlorinating agent, 44 
reaction with olefins, 855-856 
Sulfur compounds, ojitic.al isomerism, 
419-123 

organic, 835-943; .see a/.so nruJer 
ind ivid ual memhern 

reasons for diffenmees from oxygen 
comj)ounds, 838 

Sulfur-containing functional groujis, 837 
Sulfur dioxide, polymerization of oletins 
by, 765-766 

2 ’eaction with Grignard reagent, 505 
r(‘aetion with olefins, 875-87() 

Sulfuric acid, addition to ethylenii* 
linkage, 639-640 

Sulfuric esters of carbohydrate's, 11)09 
Superpolyesters, preparation, 711 
Supported })alladium e'ataly.-^ts, 7S6 787 
Supported platinum catalysts, 785 
Suj)rast(‘.rols, 1410-14 1 1 
Surface tension, 1739-1741 
Sweetening of gasoline, 852 
Symbols, electronics, 1831 
Symmetry, alternating axis of, 320 
f)lane of, 221 
j)oint of, 318, 327 

>S’//a- and aab’-oxirnes, interconversion of, 
472 

Sij7i-anfi isomerism, sec Cis-trans isomer- 
ism 

Synthetic })olymers, 701-778 
Synthetic rublx'r, 759-765 
Syringidin, 1318-1319 

T 

Tachy sterc >1, 1 40 1 
Tannins, 1609 
Tantalum compounds, 561 
Tarconinc's, 1220 
Tartaric acids, 232-233 
dcslro, 232, 1545 
IcvOj 232 
7neso, 232 
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rartarif! acids, properties, 233 
racemic, 232 
Taurine, 1K)4 

Tautomeric^ effect, resonance, 1977 
'I'aut.^erism, 219 

electronic*, llieory, 1934—1940 
fructose, 1586 
glucose, 1585 
^,^et,o-enol, 684 

three-carbon, 1041-1044 
T(41uriura, reaction with (Irignard re- 
agent 508 

Tellurium comj)oun(ls, optical isomer- 
ism, 424 
IVloidine, 1 1 98 

Terephthalicr acid, reduction, 144 
Terpenes, 70 73 
rearrangeincails, 991 

'^rerplK'nyls, cis-travs isomerism, 486 487 
oi)i ical isomerism, 370 373 
Tertitiry amines, attempts to resolve, 
403-404 
coupling, 195 

Testosterone, 1468, 1502, 1503-1504, 
1509 

n .s-3\'s t os t e r o n e , 1 504 
Testosterone propionate, 1510 
Tet r aa ry 1 ; i lly 1 s , 607 
si/ni-Tv t raj try 1 d i j d k y 1 e thj ines , 606 
,s/////-T et ra.'iry l(‘t ha. n(\s, 604 
Tetraarylhydraziii(‘s, dissocial ion, 616- 
617 

Tetraarylsuceinonit riles, 61 1 
'I^'traethyllead, 5()0, 577 
Tetnihedral bond orbitJils, 1954-1956 
Tetnihedral caibon atom, 1952-1956 
evidence for, 222 223 
Tetrahedral el(‘ment,s, 222 
1 etrahydroberberine, 1 216 
ar-Tetrahydro-i3-mi])hthols, relation to 

sterols, 1378, 1379 
Tetrahydroncioergosterol, 147(), 1478 
Tetrahydrost rycdinii'e, 1 237 
Tetrahydrox^n’hokane, 1 425 
Tetnihydroxynorsterocholanic acid, 1424 

Tetralin, 157 
Tetralols, 146 

Tetramethylammonium, metallic prof)- 


Tetramethylf ructopyranose, 1 594-1 595 
Tetramethylgliicofuranose, estjiblish- 
ment of structure, 1562 
Tetrarnet hylglucopyranose, 1 554 1 556 
7 -Tetnimethylgiucose, estjiblishment of 
st ruc‘t lire, 1560 

1 ,1 ,2,2-Tet raiihenjdcyclopropjine, stabil- 
ity, 603 

,s\///«-TetniphenyIdibenzoylet bane, 610 
Tetraphenylethylene, bromiiuition, 142 
Tet.rji])h(Miylhydrazine, half life, 617 
5,6, 11,1 2-T(4.niphonylnaphthacene, 603 
Tetra])henylsuccinonitriles, dissociation, 
774 ^ 

Tetrasulfides, 864 

Tetrazoles, forrruition from diazides, 978 

Tlijilliurn compounds, 568-569 

Thebaine, 1221, 1226 

Thebamone, 1226 

Thebenine, 1225 

Theelin, see Estrone 

Theelol, see Estriol 

Thermjil decorn])osition, cellulose, 1699- 
1700 

free radicals in, 626 
Thermal polyrraTization, styrene, 744 
"J^hermodynjimic jn’operties, calculated 
from spectroscopic data, 1803- 
1804 

of orgjini(* compounds, 1794-1804 
Thermosetting, 732 
Thevetigemin, 1444 
Thevitin, 1453 

Thiazoles, prepjiration, 936-937 
Thiele formula for benzene, 127-128 
Thiele theory of partial valence, 666 
Thio acid chlorides, prepjiration, 935 
Thio acids, gener.al (diaract eristics, 929- 
930 

prepanition, 930-931 
reactions, 935-936 
Thioaldehydes, 923-929 

from methyhme halides and metal 
sulfidt's, 926 

general characteristics, 923-924 
oxidation, 927 

prepjiration from aldehydes with 
hydrogen sulfide, 924-925 
y)yrolysis, 928 


erties, 568 
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Thioalclehydes, reactions, with alkyl 
iodides, 928 

with heavy metal salts, 928 
Thioalkylatiori, 910, 913 
Thioarnides, preparation, 933-935 
reactions, 936-937 
Thioanhydrides, 935 
of sulfonic acids, 911 
Thiocyanates, 942 
Thiocyanic acid, 939 
Thiocyanogen, 942 

addition to ethylonic linkage, 638 
Thioesters, hydrolysis, 843 
Thiocthers, see Sulfides 
Thioformaldehyde i)()lymer, 769 
Thioketones, 923-929; see also Thioalde- 
hydes 

from ketones and phosphorus pentasul- 
fidc, 926 

preparation })y Fricdel-Crafts reac- 
tion, 927 

Thiokols, 733-734, 760, 866 
Thiolcarbamates, 938 
Thiol esters, preparation, 932-933 
Thiolhistidine, 1156- 1157 
Thiolsulf onates, 905-- 9 1 3 
general characteristics, 905 
hydrolysis, 909 
oxidation, 910 
preparation, 906-fK)8 
from disulfides, 907 
from sulfinic acids, 906 
from sulfonyl halides, 907 
reactions, 908-912 

with active methylene compounds, 
910 

wifh Grignard reagents, 909 
with phenols, 910 
with sulfhydryl compounds, 908 
reduction, fK)9 
structure, 912-913 

Thiolsulf onic esters, see Thiolsulf onates 
Thiomethylpentose, 1612 
Thioncarbamates, 938 
Thion esters, preparation, 933 
Thionex, 939-940 

Thionylamines, reaction with Grignard 
reagent, 505 

Thiophenes, formation, 926 


Thiophenols, 839, 844-852; .see also 
Sulfhydryl (compounds 
addition to olefins, 850-851 
addition to unsaturat.ed ketones, 680 
preparation, 844-845 

})y reduction of sulfonyl chlorides, 
844 

from dkizonium salts, 844-845 
reactions, 846-852 

with aldehydes and ketones, 849 
with alknli, 846 
with (\arboxylie acids, 848-849 
with heavy metal salts, 846-817 
with nitriles, 851 

with organorn(4allic compounds, 852 
with oxidizing agents, 851-852 
with «,/hunsa.turated carbonyl com- 
pounds, 850 
Thio sugars, 1612 
Thiourea, 938 
preparation, 940 
reactions, 940-941 

Thiouret banes, rates of formation, 1058- 
lOfiO 

Thiuram disulfid(\s, 939 -940 
Thorpe reaction, synthesis of large car- 
bon rings, 88 89 

Three-carbon tautomerism, erpiilibria 
and rates, 1041-1044 
Three-dimensional molecules, foi-mation 
719-720 

Three-dimensional ixJyrners, 703, 714 
718 721 
solubility, 742 

Three-electron bond, 1960-1961 
Threonine, 1 1 23-1 124 
Thujaketone from ergosterol, 1399 
Thyroxine, 1129-1130 
I'iHencau reaction, 1527 
Tigogenin, 1464, 1465 
Tigonin, 1456 
Tin compounds, 558-559 
optical isomerism, 424-425 
Tishchenko reaction, 649, 792 
Toad poisons, 1449-1452 
physiologic^al potency, 1453 
Tobacco alkaloids, 1190-1193 
Tollens cellulose formula, 1702 
7 >-Toluenesulf onates, steroids, 1375 
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Tolueneteiracarboxylic acid, 1401, 1404, 
1410 

Tosylation of cellulose, 1682-1083 
Toxisterol, 1411 
Trans-mi^rati on, 1026-1 027 
Transmission of activating effects, 633, 
1909 

Traube reaction, 1189 
Trehalose, 1593 
Triad anion taiitomorism, 1018 
"JTiad systems, 1937-1940 
tautomeric, 1937 
3 ’riarylhydra.zyls, 617 
Triarylrnethyl pc^roxides, rearrangement, 
975 

Triarvl methyls, 585-()02 
addition rejictions, 598-600 
amphoteric, nature, (iOl 
cheniic,ai i)rop(‘rt ics, 596-602 
conduction of electric current, 601 
dimerization, 597 
displacement reactions, 600 
dispro])ortionation, 597 
pre])arat ion, 595-596 
quinoid structure, 5S6-587 
reaction, with inorga-nic salts, 601 
with triarylm(‘thyl halitl(5s, 600 
staliility, 596 597 
test for, 598 

1''ribenzoylmet hane, 1 93 
Tric,ovalent. carba,nions, 988 
Trigonelline, 1186 

Trihydroxybufosterocholenic acid, 1424 
3,5,7-TrihydroxyflavyIium chloride, 1317 
Tnllarin, 1456, 1457 
Trillin, 1456, 1457 
2,3,4-Trimet hylgliu’ose, 1602 
2,3,6-Ti’imethylglucose, 1595-1596, 1597 
''l’rios(iS, structure, 15S3-15S4 


Trivalent carbon, 973 
Tropacocaine, 1202 
Troi)ane, 1200 
Tropeines, 1195 
Tropic acid, 1194 
Tropidine, 1197, 1199 
T r( )pigeni ne, 1198 
Tropilid(in(^, 1 1 96 
Tropine, 1194, 1200 
Tropinic acid, 1195 
4>opinone, 1195, 1199, 1253 
Truxillines, 1202 
Tryptamine, 1242, 1255 
3 Vy l)toi )han, 1 1 59- 1164 
relation to barman, 1229 
Tsclmgaeff-Zerewitinoff analysis, 500 
578 

Tuads, 939 -940 
Tungsten compounds, 564 
Tunicin, 1667 

Twinned double bonds, 662-665 
Tyramine, 1127 
Tyrosinase, 1127 
Tyrosine, 1126-1129 

U 

Ullrnann reaction, organocopper com- 
pounds in, 544 

pr(‘paration of i)olyj)henylene ethers, 
736 

Ultra-violet absorption spectra, aromatic 
compounds, 1 786-1 794 
effect of solvent, 1784- 1786 
relation to resonance, 1786-1794 
Univalent nitrogen (u^rnpounds in rear- 
rangements, 977, 979, 980, 983 
a,jS-Unsaturat ed acids, from nairrange- 
rnent of i3,7-unsaturated acids, 684 


a-Trioxymethylene, 7t)9 
Triphenylethylene, bromination, 179 
1,2,3-Trii)henylindyl radical, 608 
Triphenylinetliyl, 582-584 
color, 584 
discovery, 583 
electronic theory, 1929 
Triphenylrnethylhydroxylamine, rear- 
rangement, 978 
Trisulfides, 864 


^,7-Unsatura4ed acids, rearrang('.ment to 
a,/3-unsaturated acids, 684 
a,ifl-Unsaturated carf)onyl compounds 
addition of benzene, 676 
addition of diphenylketene, 677 
addition of halogen acids, 676 
1,4-addition of hydrogen, 677 
addition of malonic ester, 679 
ehictronic theory, 1919-1922 
oxidation, 676 
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a /3-Unsaturaied carbonyl compounds, 
reactions, with Drignard reagent, 
672-675 

with halogens, 675 
with mercaptans and thioj)henols, 
850 

with sulfinic acids, 918 
reduction, 676-677 
Unsaturatcd sulfones, 884- 885 
I Insat united syst-ems, arc aprnjic typra 
addition of organometallic compounds, 
498, 500-507, 515, 526, 528-529, 
545-546, 550 

reaction of Grignard reagent, with 
non-terminaJ cumulatinl, 505 
with terminal cuniulat(id, 505 
UiLsaturation, and conjugation, 631- 
700 

effect on molecular refraction, 1751 
Urane derivatives, 1496 
Uranediol, 1496 
ITranetriol, 1496 
Uranium compounds, 564 
l^rea, Wohler synthesis, 967 
Urea derivatives, rearrangc^ment, 981 
Urea-formaldehyde polymers, 727-730 
Urease, 1149 
Urocanic acid, 1155 
Uroporphyrins, 1289 
Ursodesoxy cholic acid, 1415 
Uzarigcnin, 1432, 1433, 1444 
Uzariri, 1453 

V 

Valence, electronic concept, 1822-1941 
partial, 128 

tyfxjs in nitrogen, 1834 
\^alence-bond formulas, 1961 
Valence-bond method for treatment of 
electronic structures, 1956 
Valence requirements of normal alkyl 
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